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Zusammenfassung 
 
Das Pumpen stellt die effektivste Methode für das Fördern und Einbringen von Frischbeton auf der 
Baustelle dar. Trotz der in den letzten Jahren erreichten deutlichen Fortschritte auf betontechnologi-
schem Gebiet existieren für die Beurteilung der Pumpbarkeit von Beton bisher weder offiziell gültige 
Vorschriften noch abgesicherte theoretische Grundlagen, die eine zielsichere Vorhersage des 
Pumpverhaltens von Normal- als auch Hochleistungsbetonen ermöglichen. Die vorliegende Arbeit 
schließt entsprechende Wissenslücken und befasst sich gezielt mit dem Pumpen moderner Betone.  
Grundlegenden Erkenntnisgewinn stellt die Entwicklung einer wissenschaftlich fundierten, baustel-
lengerechten Prüfmethodik zur Charakterisierung und Vorhersage des Pumpverhaltens von Frischbe-
ton dar. 
Der Untersuchungsfokus richtet sich auf die Wirkung der sich beim Pumpvorgang ausbildenden 
Gleitschicht. Ein umfangreiches Untersuchungsprogramm gestattet die Erfassung und Quantifizie-
rung der Eigenschaften dieser Schicht. Sie bestimmen infolge deutlicher Reduzierung der Reibung 
an der Grenzfläche zwischen Rohrwandung und Beton die Betonströmung entscheidend. Bewiesen 
wird, dass Betonzusammensetzung und rheologische Eigenschaften der Gleitschicht maßgebende 
Auswirkungen auf den Pumpvorgang haben, da sich die pumpdruckinduzierte Scherspannung in die-
ser Schicht konzentriert. 
Weiterhin erfolgt sowohl eine analytische als auch numerische Charakterisierung der Betonströmung 
im Rohr. Nachgewiesen wird, dass sich beim Pumpvorgang betonspezifisch unterschiedliche Strö-
mungsarten einstellen, die bereits bei niedrigen Durchflussmengen definiert sind: Pfropfenströmung 
in hochduktilen Betonen, partielle Scherung des Kernbetons in Normalbetonen und signifikante Sche-
rung in selbstverdichtenden Betonen. 
Aus großtechnisch durchgeführten Pumpversuchen gewonnene Ergebnisse werden dem derzeit vor-
handenen, verbesserungsbedürftigen Betondruck-Leistungs-Nomogramm zur Einstellung von Para-
metern an der Betonpumpe gegenübergestellt. Die Vorhersagekapazität des Nomogramms kann 
durch den Ersatz der Ausbreit- bzw. Setzfließmaßangaben mit Viskositätsangaben der Gleitschicht 
erweitert und verifiziert werden. 
Des Weiteren werden baustellenbezogene Herausforderungen im Gesamtprozess des Betonpumpvor-
gangs, u. a. Vorbereitung der Rohrleitung vor dem Pumpen, Auftreten von Stopfern und Endreini-
gung exemplarisch dargestellt sowie Empfehlungen für die Praktiker erarbeitet. 
Schließlich wird der Transfer der in dieser Arbeit entwickelten wissenschaftlich basierten und an-
wendungsbereiten Methodik als Teil des zukünftigen Konzeptes für die in-situ Rheologie-Überwa-
chung hinsichtlich einer angestrebten vollständigen Automatisierung von Fertigungs- und Einbring-
prozessen von Beton mit Nachdruck empfohlen. 
 
vi 
 
vii 
Abstract 
 
Pumping is the most efficient transportation and placing method for concrete. Despite the immense 
progress in the field of concrete technology in the last years, so far there are still neither official 
regulations nor verified theoretical foundations to be used for the assessment and accurate prediction 
pumping behaviour of ordinary and high performance concretes. This thesis aims at purposefully 
investigating pumping of modern concretes and bridging the existing knowledge gap. 
The main achievement of the present research is the development and verification of a site-compliant 
and scientifically based methodology for characterisation and prediction of fresh concrete pumping 
behaviour. 
The research focus is set on the importance of the forming lubricating layer (LL) during pumping. 
Within an extended experimental program, the properties of the LL are captured and quantified. They 
determine the reduction of friction at the pipe wall-concrete interface and thereby govern the concrete 
flow. It is proven that the composition and the rheological properties of the forming LL exert an 
enormous impact on pumping since most of the induced shear stress by pumping pressure is 
concentrated in this layer.  
In a further step, the flow pattern of concrete is analytically and numerically determined. The concrete 
exhibits various principal flow types which are already defined at low flow rates: plug flow in case 
of strain-hardening cement-based composite (SHCC), partial concrete bulk shear in ordinary con-
cretes and pronounced bulk shear for self-compacting concrete (SCC). 
The results from the full-scale pumping campaign are confronted with the existing pressure perfor-
mance nomogram on the determination of pumping parameters. The nomogram’s prediction capacity 
is extended and verified for highly flowable concretes by replacing the slump and flow table results 
with the viscosity parameter of the LL. 
Furthermore, the challenges during pumping of concrete, inter alia, priming of the pipeline, blockage 
formation and final cleaning, are exemplified, and recommendations for the practitioners are 
provided. 
Finally, the transfer of the developed scientifically based and ready to use methodology on site is 
strongly advocated as a part of the future in situ rheology monitoring concept towards envisaged full 
automation of concrete production and casting processes. 
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Vorwort des Herausgebers 
 
Das zielsichere Fördern von Beton ist die Voraussetzung für wirtschaftliche und zeitsparende Lösun-
gen zahlreicher Herausforderungen im heutigen und künftigen Baugeschehen. Auf Pumpen basierte 
Technologien werden heute überwiegend für den Einbau von Transportbeton auf der Baustelle ein-
gesetzt. Zunehmend wird aber auch eine automatisierte Betonförderung in Fertigteilwerken durchge-
führt und in naher Zukunft gewinnen Bauprozesse mit Hilfe von 3D-Betondrucktechnik an Bedeu-
tung, für die Pumpen i. d. R. ebenfalls einen zentralen Vorgang darstellt. Die zunehmende Anwen-
dungsbreite der Pumptechnik stellt sowohl Betontechnologen als auch Maschinenbauer und -betrei-
ber vor neue Herausforderungen. Zum einen sollen heute Betone mit sehr unterschiedlichen Zusam-
mensetzungen sicher gefördert werden können, was in Anbetracht der zunehmenden Vielfalt von 
Betonart und -qualität den am Bau Beteiligten eine immer differenziertere Herangehensweise abver-
langt. Zum anderen ist auch eine Zunahme der Fälle zu verzeichnen, in denen Betone in extrem große 
Höhen oder über sehr lange Strecken gepumpt werden müssen. Derzeit beruht das Betonpumpen 
überwiegend auf empirischem Wissen beteiligter Fachleute. In der Folge werden oft keine optimalen 
Lösungen erzielt. 
In der vorliegenden Arbeit entwickelte Herr Secrieru wissenschaftlich begründete, jedoch robuste 
und praxistaugliche Methoden zur Charakterisierung von Betonförderprozessen in Pumpleitungen 
und zur Vorhersage der Pumpbarkeit von Frischbeton. Dazu wurden umfangreiche experimentelle 
Untersuchungen des rheologischen Verhaltens von Frischbetonen inkl. Gleitschicht in Abhängigkeit 
von der Betonzusammensetzung, dem Pumpdruck und Betonalter sowohl im Labor als auch in groß-
maßstäblichen Versuchen durchgeführt. Die die Pumpbarkeit bestimmenden Mechanismen wurden 
außerdem theoretisch-numerisch analysiert. Schließlich wurden das formulierte Konzept zur Vorher-
sage der Betonpumpbarkeit validiert und die Forschungsergebnisse für die baupraktische Nutzung in 
Form eines Nomogramms aufbereitet. Der Kenntnisstand in Bezug auf das Pumpen von Frischbeton 
wurde damit deutlich erweitert und vertieft. Die entwickelten Prüftechniken und Algorithmen leisten 
einen bedeutenden Beitrag zur Weiterentwicklung der Betontechnik. 
Für den Erfolg der Doktorarbeit war die tatkräftige Unterstützung der Forschungsgemeinschaft Trans-
portbeton e.V. (FTB, Geschäftsführer: Dr. O. Aßbrock, Leiter AG Pumpen: Ch. Klafszky) bei der 
Durchführung der großmaßstäblichen Pumpversuche von zentraler Bedeutung. Vorteilhaft waren für 
die Dissertation außerdem die aktive Mitarbeit von Herrn Secrieru im RILEM Technical Committee 
266-MRP “Measuring rheological properties of cement-based materials” (Chair: Dr. M. Sonebi), im 
COST Action TU1404 „Towards the next generation of standarts for service life of cement-based 
materials and structures“ sowie sein Forschungsaufenthalt beim Institutspartner the Magnel Labora-
tory for Concrete, Ghent University, Belgien (Prof. G. De Schutter). 
VORWORT DES HERAUSGEBERS 
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Für mich gestaltete sich die Zusammenarbeit mit Herrn Egor Secrieru überaus inspirierend, befruch-
tend und angenehm. Ich freue mich über deren Fortsetzung im Rahmen des Schwerpunktprogramms 
2005 „Opus Fluidum Futurum – Rheologie reaktiver, multiskaliger, mehrphasiger Baustoffsysteme“ 
der Deutschen Forschungsgemeinschaft, in dem Herr Dr. Secrieru nun als Postdoktorand weiter-
forscht. Er kann seine Kenntnisse, Erfahrungen und Ideen dort ausgezeichnet einbringen und weiter 
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Symbols 
 
Latin capital letters 
A area [m2] 
A y-intercept of P–Q curve 
B slope of P–Q curve 
D pipe diameter [m] 
E energy [J] 
H slope of N–T curve 
G y-intercept of N–T curve 
L length [m] 
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P pressure [Pa] 
P1 transition pressure between the plug and shear flow [Pa] 
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ΔP pressure loss [Pa/m] 
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Q1 transition flow rate between the plug and shear flow [m
3/h] 
R pipe radius [m] 
RB the radius of the concrete moving as a plug in the pipe [m] 
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T measured torque in viscometer or tribometer [N∙m] 
T temperature [°C] 
V volume [m3] 
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b viscosity parameter in Sliper [Pa∙s] 
e lubricating layer thickness [m] 
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k pipe filling coefficient [-] 
r radial position in the pipe cross-section [m] 
rp particle radius [m] 
v velocity [m/s] 
vLL velocity within the lubricating layer [m/s] 
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t time [s] 
w/c water-to-cement ratio1 [-] 
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-1] 
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2 With cement and additions 
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1 Introduction 
 
1.1 Flashlights on history 
Pumping of concrete through pipelines dates to the beginning of the 20th century as concrete was 
initially moved by live steam and compressed air. In 1913 C.A. Cornell together with M. Kee received 
a US patent for a pump that was pushing fresh concrete through the conveying line using a direct-
acting piston [1,2]. However, the lifetime of the pump was both too short and economically unfeasi-
ble. Thus, it proved inadequate to be applied neither for concretes nor mortars. After a series of 
failures, it happened only in the early 1930s to employ a mechanically powered pump for pumping 
of concrete [2]. The new era in construction industry quickly started to gain momentum. The manual 
of concrete placement by pumping methods published by the Chain Belt Company in 1940 became a 
fundamental guidebook for contractors, engineers, and operating staff for a few decades not only in 
the USA but also beyond the borders [3]. Concrete transportation from the truck to the formwork in 
wheelbarrows or buckets had been perpetually replaced by efficient pumping methods requiring less 
time and labour. The rebuilding of the infrastructure in the post-World War Europe gave an impetus 
to profound mechanisation of the concrete production [4]. The progressive transformations included 
transportation and placement of fresh concrete in large volumes by the application of an increasing 
number of improved pumping devices and hence achieving quality results. Since the 1950s an 
impressive number of scientific papers has been published with the focus on distinct challenges 
connected to the pumping methods of concrete [2,5–9], criteria for linked to pumping behaviour and 
recommendations for the practitioners [2,10–12]. This knowledge has been applied until nowadays, 
however, demanding a prompt update due to the new challenges and developments in concrete 
technology and concerning the upcoming 4th Industrial Revolution [13,14]. 
 
1.2 Motivation 
Pumping of concrete plays a critical role in the modern construction industry. This transportation 
method is still significantly expanding especially for the case of ready-mix concrete. As indicated by 
present market figures, in Germany almost 30 % of the produced ready-mix concrete is transported 
and placed by pumping [15]. On the European market, the production of ready-mix concrete displays 
a similar tendency [16]. 
Pumping reduces the costs and shortens the completion time by offering a speedy, continuous casting 
and allowing the concrete to be supplied in difficult to access locations. At the same time, smart use 
of pumping methods can provide high reliability and continuous productivity during construction 
process while minimising the risk of failure involving human error. 
The variety of pumps exerts an important influence on the pumping process: The pumps evolve in 
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many shapes and forms from the modest truck, trailer or skid-mounted line concrete pumps to the 
high-performance truck-mounted and placement boom pumps. 
A corresponding enhancement has accompanied the prompt development of modern pumping 
techniques in concrete consistency: The mixtures best suitable for pumping are rather easily flowable 
and not too sticky [17,18]. Furthermore, pronounced changes have occurred in concrete composition. 
The use of new types of cement is conditioned by the modern environmental requirements from the 
perspective of material sustainability. The various reactive and inert mineral components have been 
blended with clinker and that water-to-binder ratios have been lowered to a large extent in order to 
improve the ecological impact and to extend the life cycle of concrete structures [19]. This tendency 
promotes further use of high-performance concretes with all their advantages. The result is a boost in 
the competitiveness of concrete industry accompanied by a pronounced carbon footprint reduction 
from the erected concrete constructions due to the less raw material used [20]. 
The new generation of concretes commonly consisting of six components – binder, aggregates, addi-
tions, admixtures, water, and air – with less and less Portland cement clinker [21], makes it necessary 
to reconsider the phenomena taking place in the pumping line. For example, high-performance 
concretes possess usually higher viscosity and “stickiness” than conventional mixtures, increasing 
the pumping pressure4 needed to achieve a particular flow rate [22,23]. Obviously, new material 
compositions lead to markedly different rheological behaviour of the respective mixtures in compar-
ison to traditional concrete and must be accounted for [18]. 
Nowadays, we are facing a paradigm shift meant to revolutionise among the others the field of civil 
engineering [24] in the form of Digital Construction (within the 4th Industrial Revolution) within the 
“current trend of automation and data exchange in manufacturing technologies” [25], cf. Figure 1. 
Tailored use of rheological properties of concrete in terms of yield stress, viscosity, and thixotropy, 
makes it possible, for example, to apply trend-setting systems for the automatic material delivery and 
placement in precast plants [26]. 
Certainly, rheological properties of fresh concrete are decisive for the choice of equipment, tech-
niques and place for concreting as well as for the quality of production, which also may affect such 
important features of hardened concrete as mechanical performance, durability, and sustainabil-
ity [27]. 
Very recently, the most innovative and very promising construction methods have been presented, 
e.g., 3D-printing in its different forms including contour crafting [28], smart dynamic casting [29], 
CONPrint3D [30], and further additive manufacturing technologies [31]. They are all based on 
pumping and control of fresh concrete rheology. 
                                                 
4 Hereafter the term “pumping pressure” refers to the pressure of the pump on concrete also called the effective pressure 
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Figure 1. Schematic presentation of Digital Construction 4.0 with concrete and the unique role of rheol-
ogy and pumping technique. 
 
1.3 Research field 
Despite all the technological developments and new scientific insights, the particular concrete prop-
erty “pumpability” has been to date unspecified, even though numerous approaches have been pro-
posed [32–35]. Pumpability is not just an intrinsic concrete feature [36], it is rather a result of a ho-
listic approach involving the tools of rheology for the optimisation of concrete composition, adjust-
ment of pumping parameter and pumping process but also permanent monitoring on site [37,38]. 
With this respect, some easy-to-perform tests to provide rapid means of concrete pumpability assess-
ment are partially available [32,39–41]. However, a clear link between the testing methods of 
concrete rheological properties, including instrumented rheometry, to pumpability must still be 
established. As yet, there are only narrow concepts for adapting concrete composition design to the 
requirements of pumpability [42]. The very recent research on the topic [22,23,43] fortunately 
demonstrates that this field is further gaining thrust. At the same time, the new status quo imposes an 
urgent update on legislation and standardisation within the concrete technology concerning the rheo-
logical properties of modern concretes. A list of selected relevant literature is given in Table 1. The 
outcomes of these research papers provided fundamentals to develop an own extended experimental 
study on the characterisation of pumpability of modern concretes covering distinct flow types under 
the effect of different parameters, as presented in this thesis. 
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Table 1. List of selected literature on pumping of concrete. 
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Alekseev (1952) [7] X X  X X  X X     X  X 
Ede (1957) [6] X    X  X      X   
Weber (1963) [2] X X X X X    X X  X X  X 
Bauer (1971) [10]         X X     X 
Nübling (1971) [8] X X X X X X   X    X   
Rössig (1974) [5] X X X X X X   X X   X  X 
Morinaga (1973) [9] X X  X X X   X X   X  X 
Browne (1977) [11] X    X          X 
Sakuta (1979/89) [44,45] X   X X X   X    X  X 
Schwedt (1979) [46]          X X     
Tattersall (1983) [47] X X X  X X X      X   
Eckardstein (1983) [12] X X       X X  X    
Tanigawa (1991) [48]      X X      X   
Gruptil (1996) [49] X X X X X    X X X X    
Imaizumi (1999) [50]           X    X 
Kaplan (2000/05) [32,36,51] X X X X X X X  X X X  X  X 
Haist (2003/05) [52,53]  X X X X X X        X 
Chapdelaine (2007) [54] X X X  X X X X    X X  X 
Feys (2007-16) [17,22,39,55–60] X X X X X X X X X X X X X  X 
Jacobsen (2008/09) [61,62] X X X X X X X X     X X X 
Jolin (2009) [63]6 X  X X X    X      X 
Aldred (2010) [64]7  X   X    X X     X 
Kasten (2010/11) [34,65] X X X X X X X X X X X X X  X 
Ngo (2010) [33] X X X X X  X         
Cazzulani (2011) [66]         X X    X X 
Río (2011/17) [37,38] X  X X X        X  X 
Tan (2011) [67]      X   X X    X  
Jo (2012) [68]  X  X X X X X X     X X 
Neumann (2012) [69] X X X  X    X X     X 
Choi (2013/14/15) [35,70–73]  X X X X X X X X X   X X X 
Khatib (2013) [23] X X X X X X X X X X   X X X 
Kwon (2013) [74,75] X X X X X X X X     X  X 
Takahashi (2013/14) [76,77]   X  X X   X X     X 
Abebe (2014/15/17) [41,78,79] X X X X X X X X        
Mechtcherine (2014) [40] X X X X X X          
 
                                                 
5 Lubricating layer 
6 Shotcrete 
7 Case study 
CHAPTER 1 
 
5 
Author 
Focus contents of investigation 
w
/b
, 
p
as
te
 v
o
lu
m
e 
A
g
g
re
g
at
es
 
A
d
m
ix
tu
re
s,
 a
d
d
it
io
n
s 
F
o
rm
at
io
n
 o
f 
L
L
 
E
m
p
ir
ic
al
 t
es
ts
 
C
o
n
cr
et
e 
rh
eo
lo
g
y
 
L
L
 r
h
eo
lo
g
y
 
L
L
 t
h
ic
k
n
es
s 
P
ip
el
in
e 
g
eo
m
et
ry
 
P
u
m
p
in
g
 e
q
u
ip
m
en
t 
P
ri
m
in
g
, 
b
lo
ck
ag
es
 
N
o
m
o
g
ra
m
 
A
n
al
y
ti
ca
l 
m
o
d
el
li
n
g
 
N
u
m
er
ic
al
 m
o
d
el
li
n
g
 
F
u
ll
-s
ca
le
 p
u
m
p
in
g
 
Secrieru (2014/16) [80,81] X X X X X X X X X    X X X 
Mai (2014) [82] X X X X X X X X     X   
Hazaree (2015) [83]8         X X X    X 
Le (2015) [84] X X X X  X  X     X X  
Jeong (2016) [85]   X X X X X X      X  
Riding (2016) [86] X X X X X X          
Liu (2017) [87]           X    X 
 
The progress in the field of concrete pumping is based on the pioneering research by Alekseev [7], 
Ede [6] and Browne [11], who proposed new methods for testing the pumping characteristics of fresh 
concrete. Later, Weber [2] and Eckardstein [12] aimed to create practical guidelines for the 
assessment of concrete pumpability. The torch has been then taken up by various scientists, including 
Kaplan [51], Chapdelaine [54], Feys [22], Kasten [34], Choi [88] and Khatib [23], who 
systematically studied the rheological properties of ordinary concretes and HPC in the context of their 
pumping behaviour. Many other thematically appropriate scientific papers are as well considered and 
befittingly referred here. 
The study at hand is completed in the context of rapidly increasing interest on the rheology of fresh 
concrete. Some of the relevant technical committees (TC) and ongoing research projects on the sub-
ject are: 
 RILEM Technical Committee 266-MRP on “Measuring rheological properties of cement-
based materials” [89,90]; 
 RILEM Technical Committee DFC on “Digital fabrication with cement-based materi-
als” [91]; 
 Advanced Grant Project on “Smart casting of concrete structures by active control of rheol-
ogy”, European Research Council (2016-2021) [92]; 
 Priority programme “Opus Fluidum Futurum – Rheology of reactive, multiscale and multi-
phase building material systems”, German Research Foundation (2018-2024) [93]. 
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1.4 Research concept 
The insights gained in the thesis should facilitate the transfer of the scientific approaches from the 
laboratory to the practice of construction. Figure 2 illustrates the chosen research concept 
 
 
Figure 2. Schematic representation of the research concept. 
 
which refers to the following aspects: 
 Investigation and comparison of various testing methods in terms of their suitability, 
reliability, and acceptance for the characterisation of concrete pumping behaviour; 
 Examination of the dependences among the related phenomena and conditions, including for-
mation of lubricating layer (LL), pipeline geometry, pumping pressure and the rheological 
behaviour of different types of concrete; 
 Characterisation and prediction of concrete pumping behaviour based on the rheological prop-
erties of the concrete bulk and LL; 
 Impact analysis of different concrete constituents on its pumping behaviour; 
 Determination of the relationship between properties of LL, flow pattern and concrete pump-
ing behaviour; 
 Development of a practical and scientifically based methodology for a purposeful 
characterisation of concrete behaviour during pumping; 
 Update of existing recommendations and nomograms for determination of pumping parame-
ters. 
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The research addresses a large range of concretes, including ordinary and high-performance concretes 
with different rheological properties regarding yield stress τ0 and plastic viscosity µ.  
The working program is comprised of four thematic segments: 
 Experimental investigation focuses on the qualitative and quantitative analysis of the 
rheological properties of both LL and concrete bulk; 
 Numerical simulation is based on implementation of a CFD model to determine the thickness 
and rheological properties of LL and, consequently, to assess the pumping behaviour of 
concrete in a small-scale and a full-scale pipeline; 
 Consideration of the pumping process, in which the prediction of concrete flow, based on 
experimental and numerical approaches, is compared with the available results from full-scale 
pumping experiments; 
 Improvement of the norms and standards as well as providing recommendations on rheo-
logical properties of pumpable concrete and pumping process. 
The thematic segments together with the thesis storyline are schematically outlined in Figure 3. 
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Figure 3. Flowchart of the thesis storyline. 
 
1.5 Economic relevance 
Pumping is an effective and economically efficient transportation method for concrete. Understand-
ing and proper characterisation of pumping behaviour of modern concretes have a substantial eco-
nomic impact. On one side the efficiency of the process can be raised, e.g., by increasing the filling 
degree of the pump pistons [36], cf. Section 8.5. On the other side, process failures in which pumping 
is involved can be prevented. 
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The blockage is on the most frequent and problematic disturbances in a pumping process. In Ger-
many, for example, the costs of the direct damages due to blockages are estimated at approximately 
2.3 million €9 annually. The extent of expenses depends on whether the pumping process is only par-
tially delayed or completely interrupted. In the latter case, the pumping operation cannot be resumed 
and must be completely restarted. The direct costs mostly refer to the possible failure of the pipes due 
to exceeded pressure resistance. In case of severe blockages, the concrete cannot be removed and 
entire pipe sections must be replaced, cf. Figures 4a and 4b. 
 
  
a) b) 
Figure 4. Examples of pipeline sections with hardened concrete resulting from a long duration blockage in 
a) a straight section and b) bends; photos courtesy of Stefan Klöpfel. 
 
The indirect costs caused by clogging can be significantly higher reaching in some cases several 
million euros. Examples of such damages are: 
 Rupture of some sections of the conveying line and contamination of the facades of neighbour 
buildings or vehicles parked nearby. It is especially the case during renovation and retrofitting 
campaigns of existing buildings; 
 Aborted concreting leading to delays or interruptions of the construction process. It applies to 
the case of tight planned deadlines between various completing steps. A further example refers 
to special structures, where continuous concreting is crucial, i.e., structures made of water-
proof or exposed concrete; 
 Personal injuries resulting from accidents. 
Approximately 90 % of failures and malfunctions in the context of pumping can be traced back to 
deficiencies in the concrete mixture design. The rest of 10 % refers to disturbances in the pipeline 
and operating error of the pumping equipment and the discharge hose [94]. The concrete types causing 
most of the pumping breakdowns are particular types of mixtures, including self-compacting, light-
weight or steel-reinforced concrete. The potential for failures has been increasing due to material-
induced continuous trend towards the application of concretes with reduced w/b and consequently 
                                                 
9 Source: German Ready-Mix Concrete Association e.V. [94] 
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increased viscosity. Owing to their advantageous properties regarding fresh concrete and hardened 
properties, the market share of such concretes is expected to increase further [95,96]. 
All the facts mentioned above emphasise the urgent need for research in the field of concrete tech-
nology with respect to pumping, both from the economic perspective and sustainable use of new 
materials for enhanced construction processes. 
 
1.6 Structure and boundaries of the thesis 
The work is divided into nine chapters. In Chapter 1, the thesis background together with the moti-
vation are presented, and the significance of the research is detailed. Chapter 2 discusses in an ex-
tended literature review the concrete flow in the pipe and the most important aspects determining 
concrete pumping behaviour. Chapter 3 details with various applied experimental, analytical and nu-
merical methods applied in this work including the direct measurement of concrete pumping 
behaviour in small and full-scale tests. Chapter 4 is dedicated to the characterisation of concrete 
pumping behaviour combining modern rheological tools described in Chapter 3. Chapter 4 focuses 
on the formation and properties of the lubricating layer as well as on the importance of concrete flow 
type. The obtained results are verified in small-scale pumping experiments. Chapter 5 discusses the 
results of full-scale pumping and the verification of the analytical and experimental findings in the 
previous chapters. This chapter also analyses the possibility of updating the nomogram for the deter-
mination of pumping parameters. Chapter 3 is dedicated to the analysis of the effect of pumping on 
the fresh properties of concrete. Chapter 8 focuses on the challenges associated with pumping includ-
ing pressure loss, the formation of blockages, temperature changes during pumping and safe cleaning 
of the pipeline. Chapter 9 summarises the thesis by presenting the most significant findings and dis-
cusses briefly future trends in the field of ready-mix concrete and transportation by pumping methods. 
Additionally, three appendices are attached. Appendix A refers to the properties of the concrete con-
stituents used in the experimental investigations. Appendix B explains the procedure regarding the 
assignment of LL and concrete bulk properties to the numerical model. Finally, in Appendix C a 
modified nomogram for practical use to determine the pumping parameters is presented. 
The pumping process induces significant shear stress deformations, mainly concentrated in LL at the 
pipe wall, with magnitudes of shear rate exceeding 102 s-1 [35,51]. It is in the interstitial liquid and 
the vicinity of the interface with the particles where the flow deformation causes energy dissipation 
due to hydrodynamical interactions [97]. In case of unsaturated concretes, the flow is governed by 
the frictional stress transfer: The solid-solid interactions between the aggregates within concrete and 
also between the “stiff” concrete and pipe inner wall cause an exponential increase in pumping pres-
sure and decrease in pumping distance [11]. Hereafter, only saturated concretes will be considered, 
conditioned by the application of the science of rheology as a tool to characterise the pumping of 
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concretes [47,57]. Figure 5 depicts the aspects that in the opinion of the author determine concrete 
pumping behaviour. The boundaries of the present thesis are set on these points projected on ordinary 
concretes (also known as conventional vibrated concretes, CVC) and high-performance concretes 
(HPC)10. Other important phenomena occurring at the micro- and nanoscale, e.g., cement hydration, 
working principle of admixtures, etc., are only briefly discussed when related to concrete pumpability, 
while within the present work other subjects are prioritised. 
 
 
Figure 5. Key aspects determining concrete pumping behaviour. 
                                                 
10 Lightweight concrete (LWC) is not investigated 
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2  State of the art 
 
2.1 General 
The term “pumpability” is often used to describe an intrinsic property of concrete to be placed by 
pumping methods [36]. However, it does not imply that the delivered fresh material automatically 
fulfils the requirements with respect to its fresh properties during and after pumping as ordered by 
the contracting company [61]. Not only the concrete must show sufficient aptitude to move through 
the pipeline and withstand the dynamic stress without bleeding and segregation [43]; this is 
specifically critical if water overdoses occur [36]. Decisive are the deemed rheological characteristics 
of the cast concrete that must be satisfied. Fact is, the pumpability of fresh concrete can be best 
described as a collective term including rheological properties of the concrete bulk and those of the 
forming lubricating layer (LL) [5,32]. All these aspects are discussed in the present chapter within a 
comprehensive literature review, starting with the theoretical background of the concrete flow in the 
pipeline. 
 
2.2 Concrete flow in pipeline 
Concrete flow in a pipeline is a complex material response to the induced pressure accompanied by 
shear in LL [11], friction between solid particles and pipe wall [2,6,11] and pronounced hydrody-
namical interactions between particles within the partially sheared concrete bulk [22,51], cf. Figure 6. 
 
 
Figure 6. Concrete flow inside the pipe, adapted from [17,75]. 
 
The extent to which frictional resistance is active depends on the state of saturation of the concrete, 
i.e., saturated, partially saturated or unsaturated [11,36]. For the sake of simplicity, the cement-based 
suspensions are mostly regarded as a Bingham fluid, characterised by two parameters, yield stress 
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and plastic viscosity [8,47,90,98]. The equilibrium of forces acting during concrete flow in a circular 
pipe is formulated according to Equation 1 [2,7]: 
 
2 2 2
   
        
   
W
R P R P R
τ r R τ τ ΔP
z L
 (1) 
where τW [Pa] is the shear stress at the pipe wall as a function of the radial position r [m] and R is the 
radius of the pipe; z corresponds to the flow direction. The parameter ΔP [Pa/m] is the pressure loss 
per unit length and L [m] is the length of the pipe. The link to the rheological properties of LL is 
constituted under the assumption that the shear force τ induced by the pumping pressure P [Pa] is 
mainly concentrated at the pipe wall and τW is expressed by Equation 2: 
  Wτ a b v  (2) 
with a [Pa] corresponding to minimum shear stress to initiate the concrete flow and b [Pa∙s/m] to the 
slope of the curve expressing the relation between the shear stress and the velocity of concrete flow 
in the pipe [2,7]. If the above two equations are combined, the pumping pressure is formulated as: 
2 2 
   
L L v
P a b
R R
 (3) 
The velocity of flow v [m/s] is related to the concrete flow rate Q over the cross-sectional pipe area 
A = π∙R2 [mm2]. By rearranging the terms, Equation 3 takes the form: 
2
2  
   
L Q b
P a
R π R
 (4) 
Kaplan [51] recognised the importance of the parameters a and b from Equation 2 and proposed an 
experimental method employing the so-called “tribometer” device for their quantification [51], 
cf. Section 3.2. Further, Kaplan suggested two linear models to estimate the P–Q relationship, 
cf. Equations 5 and 6: 
0 2
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 (6) 
where τ0i [Pa] is yield stress and μi [Pa·s/m] viscosity parameter of LL as measured by tribometer; τ0 
[Pa] is yield stress and μ [Pa·s] is plastic viscosity of the bulk concrete as measured by viscometer; k 
[-] represents pipe filling coefficient, R [m] radius and L [m] pipe length. The first approach is very 
similar to the one proposed in [2] and simplifies the concrete movement to plug flow, where only a 
boundary layer of small thickness is subjected to shear forces. The second approach is applicable 
when the concrete bulk is partially sheared during pumping. Hence, in addition to the parameters 
describing LL, the rheological characteristics of concrete are assessed as well. These approaches are 
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further referred in the present thesis. Not considering the formation and the crucial impact of LL on 
concrete pumpability delivers an overestimation of the pumping pressure [17,61]. Even such “sticky” 
concretes like SCC generate a LL that strongly affects the concrete flow behaviour and the required 
pumping pressure [22]. 
If one considers the shear distribution in Figure 6, the shear rate at a distance r [m] within the LL 
takes the form: 
0 LL
LL
τ( r ) τ
γ
μ
 for  BR r R  (7) 
Here γ  [s-1] represents the shear rate inside the pipe and RB [m] is the distance from the pipe centre 
to LL. The shear stress in the inner concrete cannot be neglected if its magnitude is sufficient to 
overcome the yield stress of the concrete. Thus, the sheared region can be determined according to 
Equation 8: 
02
 
  
 
P B
P
R τ R
L
 (8) 
where RP [m] refers to the plug radius. The shear rate within the bulk part of the concrete is written 
as follows: 
0
LL
τ( r ) τ
γ
μ
  for  P BR r R  
0γ    for 0  Pr R  
(9) 
with τ0 [Pa] representing yield stress of the concrete bulk [32]. 
The movement of concrete in the pipe can be generalised as a combination of shearing of LL, partial 
shearing of concrete bulk and plug flow. The corresponding velocity profile is determined by inte-
grating the shear rates in the radial direction [75], cf. Equations 10-12: 
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, 
for  P BR r R  
(11) 
and 
2 2 2 2
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1 1
4 4
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P LL B B P
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v τ ( R R ) τ ( R R )
μ μ
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for 0  Pr R  
(12) 
with vLL <vS < vP representing the velocities within LL, in the sheared region of concrete and concrete 
bulk moving as a plug, respectively. The discharge rate Q is computed by integrating the velocity 
profiles over the area of the pipe cross-section, cf. Equation 13: 
STATE OF THE ART 
 
16 
0
4 4 3 3 4 4
3 3
2 2 2
3 8 3
3600
24 8
        
         
  
     
LL P
LL P
R RR
LL S P
R R R
B LL B LL B P
LL LL B P
Q πr v dr πr v dr πr v dr
μ ΔP( R R ) τ μ( R R ) μ ΔP( R R )π
μ μ τ μ ( R R )
 (13) 
with μLL plastic viscosity [Pa·s] and τ0LL yield stress of LL. Here, it is assumed that the parameters μ 
and τ0 are the same for the sheared and plug region of the concrete. The main challenge is to obtain 
the material forming LL and perform the corresponding tests to determine the rheological parameters 
and to measure LL thickness e, which can be only partially assessed, cf. Section 2.4.  
 
2.3 Influence of concrete rheology on pumping behaviour 
2.3.1 Cement hydration 
The underlying mechanisms of cement hydration are a separate, important area of the concrete tech-
nology. The hydration intersects both scientific and practical interests, as it determines the rheological 
properties of fresh concrete. Many chemical admixtures including accelerators, retarders or 
superplasticisers as well as secondary mineral additions discussed in this section are widely used to 
alter, control and enhance the hydration process, properties of fresh concrete and its later features. 
The mechanisms themselves remain controversial due to the difficulty of reducing the chemical com-
plexity of the processes for more detailed analysis [99]. The progress of hydration can be divided into 
five phases: induction period, dormant period, initial setting, hardening and slowdown [99,100], 
cf. Figure 7. 
 
 
Figure 7. Scheme of the heat release during hydration of an ordinary Portland cement, adapted from [99]. 
 
The induction period that is the period immediately after water addition to the premixed powder 
components of concrete can be characterised by an exothermic dissolution of different ions from the 
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cement constitutive minerals [101]. During this stage, the cement hydration induced by the reaction 
with water leads to the formation of a supersaturated solution containing different hydration products 
which tend to precipitate. All these chemical reactions start slowly, allowing a relatively safe pumping 
and placement of concrete in its early age before it starts to set after a couple of hours [102]. The 
steps that are of particular concern for the present research refer to the very first hours after the initi-
ation of cement hydration and include the induction and the dormant period. Further detailed discus-
sions regarding the reactions of cement hydration can, for example, be found in [101,103]. 
 
2.3.2 Mixture composition 
Concrete pumpability depends on the forming LL and rheological properties of the concrete bulk. 
Indeed, mixture compositions exert the most pronounced effect on the concrete rheology. Purposeful 
use of distinct chemical and mineral admixtures can have a major enhancing effect on pumping 
behaviour, for example, by increasing the mixture stability or reducing the concrete viscosity. A gen-
eral overview of the impact of selected mixture constituents on concrete rheology regarding Bingham 
parameters, i.e., plastic viscosity μ and yield stress τ0, is given in Figure 8a. It includes the effects of 
silica fume (SF), air content, superplasticiser (SP) and water on μ and τ0. However, such a simplistic 
representation of individual effects on material rheological behaviour does not take into account in-
teractions between distinct constituents which might exhibit antagonistic effects. Thus, Figure 8a 
should be used carefully and only for orientation. 
 
  
a) b) 
Figure 8. a) Rheograph showing the effects of adding different constituents to a reference concrete mix-
ture, adapted from [104]; b) rheograph indicating the position of the various types of concrete concerning 
their construction application including pumping, adapted from [105]. 
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In Figure 8b the pumping behaviour is correlated with the Bingham parameters μ and τ0 of different 
types of concrete [104]. According to the line referring to pumping, it is stressed that application of 
this technique depends more on μ and less on τ0, whereas the viscosity should be kept as low as 
possible. Eventually, the proposed rheograph can be further improved depending on the field of con-
crete application. For example, the parameters describing LL should be additionally considered for 
the case of pumping. 
 
2.3.2.1 Water-to-binder ratio and paste volume 
In general, an increase in water-to-binder ratio w/b or paste volume has the most pronounced effect 
on the improvement of concrete pumping behaviour, due to an overall decrease in viscosity [60]. 
Obviously, viscosity declines as paste volume increases, since the entire system becomes more “di-
lute” [106]. Different authors propose distinct w/b or w/c values for which the workability is 
considerably reduced and the friction resistance increases dramatically. Nübling [8] mentioned a 
w/c = 0.6 as a lower limit, Ede [6] reported a value of 0.45, after which the flow resistance dramati-
cally increases, hence the workability is noticeably reduced. The flow resistance depicted in  Figure 
9a is measured in a “sliding compression test” that involved the axial compression of a material spec-
imen in a fixed cylindrical tube. Browne [11] suggested that the sudden increase in flow resistance 
may be attributed to the change of concrete state from saturated to unsaturated. 
 
 
 
a) b) 
Figure 9. a) Effect of w/c on the flow resistance of concrete, adapted from [6]; b) relation between fric-
tion and velocity for different w/c in a tribometer test, adapted from [54]. 
 
Chapdelaine [54] used instead a tribometer device and related the flow resistance to the velocity of 
“sliding concrete” at the rigid rotating wall. The slope of the resulting curve becomes steeper with 
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decreasing w/c and is ascribed to an increase in concrete flow resistance, cf. Figure 9b. Interestingly, 
the values reported in [54] are of an order of magnitude lower than in Ede’s compression sliding test 
apparatus for similar w/c, cf. Figures 9a and 9b. It evidences the subjective character of quantification 
the tribological parameter flow resistance of the employed measuring systems. 
Neumann [69] reported that an increase in the amount of water in the system has a more pronounced 
effect on reduction of pumping pressure in comparison to an increase in paste volume at a constant 
w/c, cf Figures 10a and 10b. 
 
  
a) b) 
Figure 10. Influence of paste volume and SP amount on pumping pressure for a) varying w/c and SP 
amount at a cement content of 350 kg/m3 and b) for a fixed w/c of 0.48, adapted from [69]. 
 
However, an excess of water would lead to severe segregation that markedly decreases the concrete 
stability and causes blockages [36]. It is further shown that an increase in the paste volume by in-
creasing the cement content reduces the pumping pressure [69] or friction at the pipe inner wall [7] 
only at low increments. Further increase in cement amount should be accompanied by a correspond-
ing higher water amount. Otherwise, the paste cannot exhibit the “lubricant effect” since it becomes 
too dry. The experimental evidence and the results from full-scale pumping confirm that the friction 
is independent of the operating pressure but only if concrete is saturated and LL is fully formed [6,32]. 
Obviously, it is the paste in concrete that is the most responsible for the hydrodynamic stress transfer 
during pumping [107], cf. Section 2.3.3. The paste is necessary to enhance the concrete pumping 
behaviour by covering the pipe wall with a thin film and by reducing the frictional interaction with 
and between the coarse aggregates, cf. Figure 11a. The required volume of LL decreases with increas-
ing pipe diameter, cf. Figure 11b. For example, for the same pipe length, 25 % more lubricating ma-
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terial is needed to build a LL with a thickness e = 2 mm for a pipe diameter D = 100 mm in compar-
ison to D = 125 mm. 
 
 
 
a) b) 
Figure 11. a) Example for unsaturated concrete in a pipe with dominating frictional stress transfer be-
tween the aggregates, adapted from [57]; b) volume of LL of an assumed thickness e related to concrete 
volume for different pipe diameters, adapted from [54,63]. 
 
2.3.2.2 Aggregates 
The maximum volume of aggregates in a concrete mixture is strongly related to the amount of paste 
needed to cover the granular skeleton [108] that at the same time determines the saturation state and 
the pumping behaviour of concrete, cf. Figure 11a. However, when the concretes are fully saturated, 
high content of fine materials (binder and fine sand) may induce a severe increase in concrete flow 
resistance, i.e., in pumping pressure [2,11].  
The recommended grading curves depending on maximum aggregate size are available in [109]. 
While designing pumpable ordinary concretes, a grading curve in the region between the reference 
curves A and B is suggested, cf. Figure 12a. An excessive increase in fine aggregates volume without 
an increase in the required lubricating paste would decrease the concrete pumpability because of a 
higher surface area of the solids [42]. 
Except for grading curve, the shape of the aggregates has a pronounced effect on the rheological 
parameters of fresh concrete and its pumping behaviour, cf. Figure 12b. Accordingly, it can be stated 
that due to their higher specific surface crushed aggregates decrease the concrete pumpability in com-
parison to rounded ones [18]. 
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a) b) 
Figure 12. a) Recommended granular characteristics of the aggregates for ordinary concrete with a max-
imum aggregate size of 16 mm, adapted from [109]; b) effect of aggregate shape and sand content on 
concrete rheological parameters, adapted from [104]. 
 
In the practical guidelines, the maximum recommended aggregate size is limited according to a thumb 
rule: 1/3 of the smallest inside pipe diameter for coarse aggregates and to 2/5 for the well-rounded 
shaped aggregates [49]. An increase in the maximum size of the aggregates would result in a dimi-
nution of the necessary amount of lubricating paste; it might also lead to a higher pumping pressure 
due to a lower content of paste. It is reported that increasing the maximum aggregate size from 10 to 
25 mm almost doubles the pumping pressure, regardless of the concrete designed strength or pipe 
length [110], cf. Figure 13a. In another study [64], a reduction in the maximum aggregate size from 
20 mm to 14 mm results in a noticeable reduction in pumping pressure, cf. Figure 13b. Further, it is 
stated that despite the same maximum aggregate size, the larger w/c of C60-14 mm mixture appears 
to reduce pumping pressure to some extent compared to C80-14 mm with lower w/c, cf. Subsec-
tion 2.3.2.1. 
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a) b) 
Figure 13. a) Pressure-flow diagram P–Q in a 1000 m horizontal full-scale tests for concretes with a 
designed compression strength of 50 MPa and different maximum aggregate size, adapted from [110]; 
b) reduction in pumping pressure with decreasing maximum aggregate size at a pumping height above 
346 m [64]. 
 
2.3.2.3 Admixtures as pumping aids 
In the last decades, the use of mineral and chemical admixtures with the purpose to enhance the 
rheological properties in the context of concrete pumping and casting expands mostly for the case of 
HPC [111–113]. As explained in [114], the times when the amount of produced concrete is directly 
proportional to the consumption of Portland cement are a matter of the past. 
With industrial pozzolana such as fly ash, a partial substitution of cement is expected to improve the 
concrete workability and pumpability, since fly ash has a lower specific surface than cement [115]. 
However, several studies report that a certain percentage of unburned coal contained in fly ash might 
counteract the action of admixtures by preferentially adsorbing and reducing their ef-
fects [20,116,117]. In some cases, the effect of unburned carbon is a more governing factor than the 
“ball-bearing effect” that is believed to reduce the frictional forces within the dense suspension [107]. 
It explains why concretes with up 10, 20 and 30 % cement replacement by fly ash containing 2.8 % 
unburned coal show lower pumpability as the reference mixture [71], cf. Figure 14a. 
Application of silica fume with ultra-fine spherical particles as admixture exert, when added in a 
moderate quantity, more pronouncedly the “ball-bearing effect” on the irregular cement grains. If the 
silica fume is properly dispersed, it results in low internal friction at elevated shear rates and a de-
crease in plastic viscosity [115,118]. In the context of pumpability, a significant reduction in pumping 
pressure is obtained for a cement replacement by 5 % [71], cf. Figure 14b. 
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a) b) 
Figure 14. Effect of cement replacement by a) fly ash and b) silica fume on the P–Q curve in a 1000 m 
horizontal circuit full-scale test, adapted from [71]. 
 
A further increase in silica content, by 10 % and 20 % bwoc increases both yield stress and plastic 
viscosity and adversely affects the pumping pressure for a congruent flow rate. An analogous trend 
is reported in an extended rheological study on mortars [119] with a 10 % cement replacement, where 
lower plastic viscosity is measured for the mortars containing silica fume in comparison to the control 
mixture with cement only. 
The results on the effect of blast-furnace slag showed that a partial replacement with up to 60 % 
delivers the best efficiency for the pump [71], indicating a definite improvement of concrete 
pumpability. The principal reason is that slag contains a smaller percentage of fine grains than ce-
ment [120]. One of the important futures of blast-furnace slag that makes it suitable as the mineral 
admixture is its chemical composition that does not vary too much since it must be within a well-
defined structure area in the SiO2-CaO-Al2O3 phase diagram [20]. 
Chemical admixtures can be described as “spices” in concrete technology. If smartly applied, they 
can radically improve essential properties of both fresh and hardened material [121]. The detailed 
classification of chemical admixtures is available, e.g., in [109]. With exception of for ready-mixed 
dry mortars, most of them are delivered as an aqueous solution with a concentration range by mass 
between 15 % and 40 % [122]. The available commercial products are usually adapted to the practical 
needs on site [123]. Indeed, the final application of concrete dictates the choice of specific admix-
tures. In case of ready-mix concrete, that is supposed to be transported by trucks and finally pumped 
on site, and over distances, admixtures are applied to retain the workability for a longer time. A recent 
review of chemical admixtures including their chemical structures can be found in [124]. Among the 
chemical admixtures, superplasticisers (SP) or high-range water-reducing agents (HRWRA) occupy 
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a special place, as they are used for increasing concrete flowability in the absence of additional water. 
HRWRA have a high dispersion and deflocculating effect on the cement particles. They are employed 
in concrete industry as a “tool” either to decrease the yield stress of cement suspensions at a given 
solid content or to increase the overall solid content at constant yield stress while reducing the water 
amount [125]. Additions drastically modify the electrochemical properties of particles in the suspen-
sions. The mostly used commercial HRWRA formulations according to [123,126] are lignosulfonates 
(LS), polynaphtalene sulfonates (PNS), polymelamine sulfonates (PMS) and synthetic polymers such 
as polycarboxylate ethers (PCE). Figure 15a depicts the effect of different types of HRWRA on pump-
ing pressure of concrete. The amount of HRWRA is adjusted to obtain a similar consistency as 
measured using the flow table test. Of particular concern for the present work is the polycarboxylate 
ether-based HRWRA, which exhibit by a dispersion mechanism dominated by steric repulsive hin-
drance. It is striking that the PCE-based HRWRA enable a high flowability of concrete even at very 
low dosages, cf. Figure 15a. HRWRA of the LS, PNS and PMS types show higher dosages in com-
parison to PCE formulations. 
The high dispersive action of PCE makes it possible to reduce the w/c to as low as 0.20 and still 
provide a prolonged adequate workability of fresh mixtures [127]. The mechanisms of action and 
effectiveness of PCE depend on their chemistry, i.e., structure and length of the backbone, amount of 
anionic groups, number and length of side chains, the overall charge density of the polymer, 
etc. [128]. The critical dosage and increase in flowability depend on the cement type, the w/c and the 
polymer type. However, the saturation dosage is believed to depend to a lesser extent on w/c [123]. 
 
  
a) b) 
Figure 15. a) Effect of different types of HRWRA on the pumping pressure P for concretes with similar 
consistency, adapted from [69]; b) viscosity and the resulting pumping pressure P for concretes with same 
consistency doped with PCE and PAE type HRWRA at a constant flow rate Q, adapted from [129]. 
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HRWRA have a favourable effect on pumpability: If concrete stability requirements are satisfied, the 
pumpability can be improved with a higher content of HRWRA. At the same time, the amount of 
necessary HRWRA strongly depends on the supplementary cementitious materials used, e.g., as ce-
ment replacement [85]. As highlighted in [130], every blended cement is unique, and it is too sim-
plistic to think that the admixture dosage may be just increased or decreased in a similar way inde-
pendent of cement type. Engineering and scientific bases must be established for understanding and 
enhancing the compatibility issues owing to the numerous factors involved [131]. In the case of 
ready-mix type concretes HRWRA with lower initial adsorption are preferred to guarantee an ex-
tended designed flump flow value [132]. 
Very recently, a novel class of aromatic comb HRWRA called polyarylethers (PAE) has been devel-
oped [133,134]. This new type of HRWRA features a noticeable diminishing effect on the concrete 
“stickiness”, i.e., on the material viscosity [133], extremely relevant for pumping of concrete, while 
reducing the pumping pressure at a given flow rate in comparison to a conventional PCE, cf. Figure 
15b. Thus, the concrete viscosity parameter can be separately fine-tuned apart from yield stress. 
Another chemical admixture important for concrete pumpability is the air entraining agent (AEA). 
As remarked in [135], AEA rather produces small air bubbles by stabilising the ones present in con-
crete than entraining additional air to the system. These tiny bubbles are ranging between 10 and 
100 μm and exhibit a pronounced positive effect on the workability, so that the dosage of HRWRA 
can be reduced [136]. The study on pumping air-entrained concrete containing 8 % entrained 
air [137] reveals that after pumping concrete features reduced air content. It is also reported, based 
on the analysis of hardened concrete, that the air bubbles in the pumped concrete are smaller than in 
the concrete sample taken from the truck. [23] reveals that there is no significant change in the air 
content in a SCC doped with of 0.11 % bwoc AEA due to pumping. Further, it is shown that the 
concrete viscosity parameter slightly decreased and the mixture pumpability is improved. Globally, 
it is stated that pumping causes a reduction in the amount of air, with the except of concretes contain-
ing certain polyacrylate type HRWRA. As smaller bubbles might coalesce during pumping [135], it 
is recommended to increase the amount of AEA to compensate the loss of air [138]. As suggested in 
[62] in case of pumping air-entrained concrete, a low discharge rate is recommended as to diminish 
the destruction of the air void system. 
The application of chemical admixtures requires a clear knowledge of their compatibility with other 
concrete constituents. The tests concerning their reactivity with other mineral and chemical admix-
tures must be performed for each particular case prior to the on-site application [139]. 
 
2.3.3 Hydrodynamic interactions 
Concrete can be regarded as a cement-based suspension with a high concentration of non-colloidal 
STATE OF THE ART 
 
26 
particles (aggregates) embedded in an interstitial carrying fluid of colloidal particles [140]. The rhe-
ological behaviour of concrete strongly depends on the volume fraction of aggregates and the inter-
actions between them [141,142]. 
Figure 16 depicts main mechanisms constituting the rheo-physical properties of cement-based sus-
pensions with particles of many different sizes in a range between tens of nm up to 100 μm. The 
proposed classification links the suspension rheology with the dominant interparticle forces [143].  
 
 
Figure 16. Rheo-physical classification of cement suspensions depending on the shear rate and the solid 
volume fraction (particle size less than 100 µm), adapted from [143]. 
 
The deformation takes place primarily in the liquid phase and in the vicinity of the interface with the 
particles where the flow deformation causes energy dissipation. Above a volume fraction of solids 
larger than 0.8ϕdiv, with ϕdiv corresponding to a critical packing fraction [144,145], there are multiple 
direct contacts and indirect interactions between the particles. 
During pumping, the stress transfer induced at high shear rates within concrete can switch between 
the regime dominated by combined hydrodynamic and inertial interactions and the one dominated by 
friction between the solid particles [11,97]. The latter must be reduced or avoided as it causes by far 
the largest part of the energy loss. The flow field around the inclusions in the interstitial fluid is 
significantly affected by the particles in the immediate vicinity while increasing the rate of energy 
dissipation [106]. Therefore, the hydrodynamics plays a dominant role in concrete flow at elevated 
shear rates, whereas the colloidal interaction forces only partially contribute to the stress transfer and 
can be neglected [106]. The inertia interactions between particles in concrete also accompany the 
pumping process, and their importance is increasing with increasing particle size. Inertia effects result 
from excessive kinetic energy induced into the material. The particle inertia is typical for high shear 
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rates response and leads to shear thickening in concentrated non-colloidal suspensions [22]. As 
pointed in [140] inertial force originates partly due to acceleration and partly from the local flow 
instability, as soon as the kinetic energy exceeds the “dissipative” ability of the viscosity. The inertial 
forces occurring in a suspension are somewhat balanced by contact forces between the rigid particles 
and partially by the viscous forces [143]. The importance of inertia can be determined by computing 
the particle Reynolds number [106], Equation 14: 
2 

p
p
γ r ρ
Re
η
 (14) 
where Rep is particle Reynolds number [-], γ  applied shear rate [1/s], rp particle radius [m], ρs is 
density [kg/m3] and η is apparent viscosity [Pa·s] of the suspending medium. Turbulence occurs when 
the suspension Reynolds number Re > 1. It is, however, the case for the Newtonian fluids. The con-
dition for the yield stress fluids, i.e., concretes, is more complicated and still unclear because no exact 
constitutive equation can be applied to characterise the behaviour of the material [140,146]. 
 
2.3.4 Shear history 
Concrete has a non-vanishing memory: Interactions occurring among cement particles lead to the 
formation of reversible and irreversible microstructures and are strongly dependent on the applied 
stress in the system [147]. The material displays, depending on the mixture proportioning and applied 
shear rate, shear thinning, Newtonian or shear thickening behaviour, i.e., decreasing, constant or in-
creasing apparent viscosity with increasing shear rate [148]. Since concrete is a thixotropic material, 
its complex rheological behaviour can be better explained considering the shear history [131] in var-
ious steps of concrete flow from production till casting. It applies in particular to binder rich concretes, 
i.e., HPC [149], that the structure is being destroyed and rebuilt within its flow history. Over short 
timescales, the character of the fresh material is explained through reversible physical and chemical 
colloidal phenomena combining flocculation and deflocculation [150,151]. Over larger time scales 
the hydration processes dominate and lead to the irreversible development of the rheological proper-
ties [152]. At rest, concrete builds up an internal structure. Many observations concur that owing to 
the reversible character, the thixotropic processes are purely at the macroscopic level [140,153,154]. 
The nature of the formed structure has a minor impact as long as it is weak enough to be broken by 
induced shear [147], e.g., during mixing, transportation or pumping, cf. Figure 17.  
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Figure 17. Approximate shear rates in various steps of concrete flow history, shear rate values adapted 
from [150]. 
 
As invoked in [149], high shear rates cause a major dispersive effect on cement particles increasing 
the flowability of fresh material. If the opposite is applied, the insufficient agitation will cause for-
mation and growth of flocs and pronounced thixotropic rebuild of networks resulting in scarce con-
crete workability during casting. Therefore, applying substantial shear stress might help in breaking 
down the structure and reach the “fully rejuvenated” state [147]. In general, it is recommended to half 
fill the truck mixer since the shear rate is exponentially decreasing with increasing concrete volume 
in the drum [149]. Furthermore, before inserting the concrete into the pump hopper to proceed with 
pumping, it is recommended to apply a higher shear rate in the truck mixer by increasing the number 
of drum revolutions. The reagitated concrete is, in this case, much less susceptible to cause blockages 
during priming. 
Time-dependent behaviour complicates the rheological measurements significantly. It follows that, 
while performing rheological tests, it is crucial to choose a unique reference state for measuring the 
rheological properties, fully flocculated or deflocculated [150].  
 
2.3.5 Temperature 
Concrete rheological properties are strongly affected by ambient temperature: High and low temper-
atures determine acceleration or reduction in cement hydration rate and setting time in accordance 
with the Arrhenius law for the temperature dependence of reaction rates [155,156]. The major differ-
ences between ordinary concretes and HPC are the significantly higher content of HRWRA in HPC, 
whose effectiveness increases with decreasing w/b [157]. The temperature dominates the dispersion 
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efficiency of HRWRA. As reported by Yamada et al. [158] PCE type HRWRA shows high dispersi-
bility for cement, facilitating the slump retention at 20 °C when compared to other kinds of dispersing 
agents. At higher temperatures, the slump flow tends to increase, while at lower temperatures the 
fluidity is initially reduced, immediately after mixing, and later increases with time. Schmidt et 
al. [159] enlightens two opposing effects acting in parallel in self-compacting concrete (SCC) 
containing a high amount of HRWRA under the influence of temperature: High temperature 
accelerates the hydration and the growth of ettringite, which at the same time provides a large 
adsorption surface for PCE and facilitates the workability retention. A significant amount of PCE is 
adsorbed on positively charged tricalcium aluminates C3A and tetracalcium aluminoferrites C4AF 
[160] and later on the formed ettringite [161]. The shear resistance of cement-based composites can 
be qualitatively different for various w/b and HRWRA dosages [157] as well as other admixtures and 
additives [80,119]. Gradual changes in fresh properties are explained by an increase of the cement 
surface area in time due to hydration reactions and subsequent changes in the dispersion state in 
concretes due to shearing forces during transportation, pumping and placing processes. 
During pumping, some of the mechanical energy from the pump is converted through the friction 
occurring at the concrete-pipe wall interface to heat. The resulting heat causes an increase in pipe 
skin temperature. Figures 18a and 18b show that the temperature evolution strongly depends on pump-
ing time. Furthermore, the temperature increase is linearly related to the pressure loss per unit 
length [22]. 
 
  
a) b) 
Figure 18. a) Temperature evolution with time for SCC pumped for 15 min at a flow rate Q = 12 l/s [22]; 
b) effect of concrete type on temperature increase during pumping [23]. 
 
Concretes containing a large volume of aggregates, especially coarse aggregates [22,23], are prone 
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to show a pronounced increase in temperature. It is reasoned by lack of sufficient lubricating material 
in the system to ensure full hydrodynamic stress transfer. As a result, greater heat dissipation and 
temperature increase occur due to poor LL forming at the inner pipe wall as well as due to increased 
frictional stress transfer from the direct contact between coarse aggregates. Despite the fact that no 
clear relationships between the temperature increase and any other parameter besides pressure loss 
are registered [22], the temperature of concrete is a function of type and dosage of binders, admixtures 
and indeed w/b [23]. 
 
2.4 Formation of lubricating layer 
2.4.1 Flow-induced particle migration 
The flow pattern of fresh concrete in a pipeline is mostly related to the composition of concrete and 
its ability to generate sufficient lubricating material to reduce the friction at the pipe wall-concrete 
interface. In the early studies, the flow resistance in the form of friction is considered [2,6,9]. The 
formation of a micro-mortar layer at the pipe wall is defined as a lubricating layer11 (LL) [11]. The 
existence of the lubricating layer and its high relevance to concrete pumpability have been intensively 
discussed [32,33,35,39,80]. The movement of concrete without a sufficiently formed LL is immedi-
ately marked by a severe increase in pumping pressure and may even result in blockage [11]. Hence, 
overall pumping behaviour depends mainly not only on rheological properties of the concrete bulk 
but also on rheological properties and thickness of the LL. The importance of the very formation of 
the LL is highlighted while other factors such as concrete composition and pipeline geometry either 
improve or limit its development [35,81,162]. Forming of a LL is mostly related to hydrodynamic 
effects, the most important being flow-induced particle migration (FIPM)12 [72,163]. During pump-
ing, shear stresses and deformations concentrate at the pipe wall while the magnitudes of shear rate 
in the LL can reach over 102 s-1 [35], cf. Figure 19. 
 
 
Figure 19. Schematic representation of LL formation in a pipeline due to flow-induced particle migra-
tion in concrete during pumping. 
                                                 
11 Also known as “lubrication layer” [23,35,58] 
12 Actual formulation used in literature is “shear-induced particle migration” (SIPM) 
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Consequently, the particles tend to move away from the wall and towards the centre of the pipe where 
the material is almost unsheared, resulting in a flow-induced concentration profile, also due to particle 
collisions at already small Reynolds numbers (Re << 1) [106]. The process strongly depends on the 
magnitude of the induced shear stress. Shear stress increases as a function of particle size, and the 
particle movement is most pronounced on the scale of the coarsest aggregates [146]. Particle migra-
tion leaves behind a layer rich in cement paste at the pipe-concrete interface, thus “supplying” the LL 
with the additional material [11,32]. 
 
2.4.2 Properties 
The composition, rheological behaviour, and thickness of the LL define the interaction between the 
pumped material and the pipe walls as friction or sliding. From a rheological point of view, it is 
suggested that the LL behaves similarly to the constitutive mortar of the pumped concrete [33,35]. 
This assumption can, however, only be valid in part since regarding paste content and maximum 
aggregate size the composition of the LL is not identical to that of the constitutive mortar [84]. The 
reason is that FIPM in fresh concrete at high shear rates alters the composition and rheological prop-
erties of the LL [58,146]. For some concretes, it seems that the formation of the LL is independent of 
the flow rate or pumping pressure [32,35]. Still, it remains unclear what happens with the LL during 
interruptions or changes in flow rates. The following statements have been previously expressed: 
 Once the LL is formed, its thickness and rheological properties remain constant, i.e., particle 
migration reaches equilibrium, and the pressure drop is linear over the pipe length. It holds 
true only for saturated concrete, in which shear stresses are transferred by hydrodynamic 
interactions and not via contact friction between particles [11,32]; 
 LL thickness and pumping pressure at steady-state depend on concrete composition rather 
than flow rate [35,143]. This conclusion is drawn based on the assumption that both the 
steady-state equilibrium between particle collisions in the highly sheared LL and the local 
increase in concrete viscosity in bulk depending on the concrete composition [35]. 
The statements above imply that the properties of the fully formed LL do not depend on shear rate. It 
means that the interaction between concrete and LL as two coexisting suspensions is negligible, which 
seems to apply to ordinary concretes exhibiting high yield stress and plug flow. However, the as-
sumption is less consistent with self-compacting concretes, characterised by a low yield stress and a 
very thin LL only [17], and so featuring the shear flow type [39]. The shear flow condition relates to 
whether the concrete yield stress is surpassed, resulting in the propagation of the shear deformation 
to parts of the concrete bulk. 
The properties of the concrete paste and its volume fraction can give only a superficial estimation of 
prospective concrete flow [164]. However, accumulated experimental evidence and findings from 
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numerical simulations show that an a priori determination of the actual thickness of the LL and its 
rheological properties suffice in predicting the pumping behaviour of concrete [68,84]. To date, the 
LL thickness could only partially be measured in a tribometer test [33,81]. The author is aware of the 
method proposed in [75], which considers the presence and thickness of LL. There, the LL thickness 
is not determined but, independent of concrete type, rather generally assumed to be 2 mm. This 
assumption is strengthened by the results obtained using an ultrasonic velocity profile, however, in a 
different study and for different concrete compositions [35]. Since the reach of the ultrasonic waves 
through very dense concrete is limited, only a part of the region of the assumed LL thickness can be 
assessed. Thus, the assumption that the LL thickness amounts to 2 mm for any concrete is question-
able. 
The ground-breaking approach has been proposed to add into fresh concrete responsive admixtures 
interacting with externally applied electromagnetic frequencies by adjusting the LL properties ac-
cordingly [92]. In such a way, the properties of concrete concerning pumpability can be improved 
during the on-going pumping process. 
 
2.4.3 Experimental characterisation 
The material forming the LL can be obtained directly by extracting it from the pipeline [53,165] or 
indirectly through wet-screening of fresh concrete [35], by employing a high-pressure filter press [78] 
or by collecting it immediately after the completion of a tribometer test [33]. Unfortunately, these 
approaches are somewhat time-consuming, so that the properties of the extracted LL are measured at 
a later concrete age. Additionally, wet-screening and pressure filter approaches are confronted with 
the problem that the maximum aggregate size expected to be characteristic of LL must be arbitrarily 
imposed. Lately, measurements with a tribometer have been applied to elucidate changes in the flow 
resistance occurring at the concrete-pipe wall boundary due to the presence of LL [18,32,33,59]. The 
purpose of such experiments is to measure the rheological behaviour of the outermost forming surface 
layer, i.e., the rheological characteristics of the LL. This layer can, however, partly incorporate bulk 
material if the concrete’s consistency is very flowable or the rotational testing speed is very high, 
which contradicts the statement that the LL is independent of shear rate. The method described in [58] 
can be applied in combination with visual analysis of concrete after the tribometer test to eliminate 
the contribution of concrete shearing [18,81]. 
 
2.5 Boundary conditions 
The boundary conditions in the context of concrete pumping refer to the geometry of the conveying 
line, which dominates the flow velocity and the pressure losses in the pipeline [32]. The most im-
portant phenomena related to concrete pumping take place at concrete-pipe wall interface (see also 
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Section 2.4), and are complex functions of wall friction. [22] discussed that the stress of friction be-
tween concrete and pipeline wall is constant [32]. Accordingly, the pressure losses are dominated by 
the geometry if the friction coefficient along the pipe does not change [9]. Further studies additionally 
suggested that the friction is dependent on the flow velocity [44] or it is reliant on the local pressure. 
In this case, one shall distinguish between the saturated and unsaturated state of concrete [6,11]. 
On site, it is quite usual to increase the pumping pressure in a long pipeline by decreasing the pipe 
diameter if the maximum capacity of the pump to ensure a desirable flow rate is reached. The result 
is a higher energy dissipation and pressure loss, i.e., steeper curve P–Q curve, cf. Figure 20a. 
 
  
a) b) 
Figure 20. a) Pressure loss as a function of flow rate Q and slump for CVC, adapted from [44]; b) com-
parison between pressure loss in a pipeline of diameter DN100 and DN125 for CVC, HWC and SCC, 
adapted from [59]. 
 
In the study reported in [59], a comparison of pressure losses in two distinct diameters 125 and 
100 mm for concretes showing different flow types, ordinary concretes, highly-workable concretes 
(HWC) and SCC, reveals an overall amplification by a factor of 2.27, cf. Figure 20b. Additionally, it 
is also reported that each 20 % reduction in pipe diameter increases the pressure loss by a factor 2. 
The study also showed a good correlation between the pressure loss in ordinary mixtures and the 
concrete yield stress parameter. However, it did not hold true for mixtures showing high viscosity, 
i.e., SCC and HWC. 
Any changes in the direction of the concrete stream are expected to cause additional pressure losses 
or even increased proneness to the formation of blockages. Therefore, it is accepted that the bends in 
a pipeline contribute to the concrete total flow resistance [9,10,42,59]. Despite this fact, it was shown 
that the bends induce only minor losses and the elbows can be considered as straight pipe sections 
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with the same length [32,54]. According to the practical guidelines, a curvature in the conveying line 
of 180° corresponds to an equivalent length of 6 m straight section independent of the pipe diameter 
A reducer is applied between two different pipe diameters to increase the pressure in the pipeline 
since the maximum achievable pumping pressure for a particular pipe diameter is not sufficient any-
more to move the concrete forward. The second type of reducer is installed between the pump and 
the pipeline as the piston diameter is larger than the diameter of the conveying line. Its additional 
function is to act as a filter in case the concrete is not stable enough to dynamic deformation. In this 
case, the blockage is expected to occur in the reducer, thus preventing the clogging of the pipeline or 
placing boom that is considerably harder to eliminate [64]. 
 
2.6 Pumping equipment 
The variety of pumps exerts its print on the pumping process. The pumps evolve in many shapes and 
forms from the modest truck, trailer or skid-mounted line concrete pumps to the high-performance 
truck-mounted and placement boom pumps [42]. Nowadays, pumping of concrete is efficiently made 
by applying trailer-mounted or truck-mounted dual piston pumps fitted with telescopic booms with 
off and on pressure cycles [36] instead of less versatile screw pumps [2], cf. Figure 21. 
 
 
a) b) 
Figure 21. a) Mechanism of a hydraulically driven pump with a dual piston [166], b) mechanism of a 
rotating displacement screw pump [167]. 
 
The working mechanism of the pump is based on the movement of the pistons by a valving system, 
alternatively generating suction and pushing pressure that moves the concrete to the intake area and 
further to the pipeline. It is debatable to what degree the pump itself influence the fresh concrete 
properties. Even if the direct impact of pump is neglected, alone the movement of concrete through 
the pipelines occurs under high shear rates that strongly influence the rheology of the mixture during 
casting [35,54,60]. This aspect is not at all trivial because the rheological behaviour of fresh mixture 
determines not only the placement process but also has a considerable impact on long-term properties 
of concrete regarding mechanical performance and durability [27]. 
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2.7 Priming 
Priming refers to lubrication of the conveying line mostly using a priming grout with w/c usually 
exceeding 0.5 [36,50]. The purpose of this lubrication is to decrease the friction between the pipe wall 
and concrete by creating a thin LL that significantly reduces the risk of blockages since most of them 
occur during the beginning of pumping [83]. It also decreases the wear on the equipment [67]. 
The necessary amount of priming grout can be calculated considering a LL thickness of a few mm. 
In the literature, specific examples are provided regarding the quality of the priming mortar and its 
compatibility with the concrete pumped afterwards [36,83]. The importance of coating/lubricating 
the pipe wall with mortar is highlighted and explicitly discussed. However, no mixture design method 
is provided. Neither is the quality of the grout verified before priming. 
Synthetic lubricating suspensions for priming purposes have been developed since the early nineties: 
Most of them are based on applying a small amount of an aqueous suspension of polymers instead of 
conventional cement/mortar [68,87]. According to the developers, the invention provides a flowable 
composition exhibiting improved coating and lubrication to the inner walls of a concrete line as it 
passes therethrough. This lubricating coating disappears with time. Thereafter, a “smooth” pumping 
operation is conditioned by the concrete that is required to exhibit such relevant features as generating 
enough cementitious grout for creating the lubricating layer and still remaining stable during pump-
ing. Certainly, the use of synthetic primers is promising since their application is easier and cleaner 
for the site than priming grout. It is a matter of further research on the purposeful adjustment of 
rheological properties of the primers depending on fresh concrete properties as well as on their impact 
on long-term features. 
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3 Applied methods 
 
3.1 General 
The interaction occurring at the boundary/interface layer between concrete in relative motion and the 
pipe wall plays a crucial role regarding its pumpability. The composition and thickness of this layer, 
also called lubricating layer (LL), define such interaction. In addition to the traditional empirical tests, 
more precise and sophisticated devices, i.e., rheometers/viscometers and tribometers, have been ex-
tensively applied with increasing frequency to characterise the rheological behaviour of fresh con-
crete [32,33,35,54]. While rheometers are used to determine the rheological properties of the bulk 
material, tribometers measure the frictional resistance behaviour of the mixture in contact with a 
smooth cylindrical rotor in simulating the interaction between the pumped concrete and the inner pipe 
wall. It has also been shown that the results of the tribometer measurements can be correlated to the 
pressure loss in pipes and thus used for predicting pumping pressure [32,54,168].  
Recently, an innovative device has been proposed, i.e., Sliding Pipe Rheometer (Sliper), which ena-
bles a reliable estimation of the pumping pressure and discharge rate for various pipe geometries. 
Mechtcherine et al. [40] and Secrieru et al. [80] reported the existence of a substantial correlation 
between the concrete rheological parameters based on Bingham model and those of pumpability from 
Sliper. Furthermore, the formation of LL and the concrete stability are related to the filtrate pressed 
out of concrete with a so-called portative high-pressure filter press (HPFP) [79]. Aforementioned 
instruments together with further experimental, analytical and numerical methods are referred in this 
chapter as they were extensively applied in the present study. The advantages and the limitations of 
the implemented methods are detailed. 
 
3.2 Rheometry 
The rheological tests were performed with a Couette type rotational viscometer ConTec 5 (Reykjavik, 
Iceland) designed for flowable concretes [169,170]. The working principle is measuring the torque 
on the inner cylinder lowered at a height h [m] into the mixture contained by the outer cylinder, with 
radii Ri = 100 mm and Ro = 145 mm, respectively, cf. Figures 22a and 22b.  
Both cylinders consist of serrated surfaces in the form of protruding elements to reduce slippage and 
formation of a LL. The newly developed geometry of the tribometer in the context of this research 
uses the frame of ConTec 5 viscometer and represents, quite the contrary, a smooth cylinder which 
facilitates the formation of a LL [81], cf. Figures 22c and 22d. Other tribometers [32,54,74,168] have 
the disadvantage that they require two separate measurements to eliminate the bottom effect. Here, 
the lower impeller designed for the viscometer geometry is as well applicable, thus, minimising the 
effect of 3D flow at the lower part of the outer cylinder. 
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a) b) 
  
c) d) 
 
 
e)  
Figure 22. Measuring geometries a,b) viscometer (V) and c,d) tribometer (T); e) rheogram consisting of 
a characteristic loop showing ascending aV, aT, and descending dV, dT, branches of the torque-rotational 
velocity curves in the viscometer (V) and tribometer (T) measurement. 
 
The rotational speed is gradually increased and then reduced to zero in 2x 10 steps. A total of 25 
measurements of speed and torque are made in approximately 3 s per step followed by a waiting 
period of 2 s for each increment. The test duration is kept under 100 s as a compromise between 
accuracy and the risk of segregation due to too long testing time. The data extracted from viscometer 
and tribometer measurements are the torque T [N∙m] values plotted versus rotational velocity 
N [rot/s]. The points obtained from a hysteresis loop are composed of an upward and a downward 
curve [81,150,171], cf. Figure 22e. In viscometer testing, the pre-shearing of concrete (upward curve 
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aV) is presumed to lead to a structural breakdown equilibrium. The “actual” measurements generate 
the downward curve dV, which is to be used later on in describing the rheological behaviour and its 
development in time. In the tribometer tests, the pre-shearing aT guarantees the formation of the LL, 
for which rheological response is measured while going from a high to a low shearing rate dT. The 
plotted downward curve is fitted to a straight line using linear regression characterised by the slope 
H and the Y-intercept G, see Equation 15, both for viscometer and for tribometer: 
  T G H N  (15) 
During the rheological measurements, the apparatus was set to record the increase in a torsional mo-
ment up to a rotational velocity of approximately 0.50 rot/s; at a higher velocity, the resulting tor-
sional moment levelled off. 
The parameters of the Bingham model are related to the measured values and the experimental setup 
by Equation 16 for the viscometer and Equation 17 for the tribometer: 
0  τ τ μ γ  
(16) 
0  i iτ τ μ ν  (17) 
where τ is the shear stress, τ0 and τ0i correspond to the yield stress [Pa] measured with viscometer and 
tribometer, respectively, µ is the plastic viscosity [Pa·s], µi viscosity parameter [Pa·s/m], which is 
comprised of both the LL viscosity and thickness, and ν sliding/shear velocity [m/s] in the tribo-
meter [11,32]. The Bingham parameters are computed by means of the Reiner-Riwlin equa-
tion [81,171,172], cf. Equations  18 and 19: 
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 (19) 
Depending on the concrete consistency, a common artefact is the formation of plug flow during a 
viscometer measurement [39]. In case the effect of the plug is not eliminated, the direct application 
of Equations  18 and 19 would lead to computation errors of the yield stress and the plastic viscosity 
since the radius of the sheared concrete Ro would take smaller values than the actual radius of the 
outer cylinder. After having corrected the plug flow, the only artefact still present in the system is 
flow-induced particle migration [173]. This later aspect can be diminished by reducing the angular 
velocity [171] especially for concrete with stiff consistency, i.e., slump lower than 150 mm, that are 
prone to particle migration [174]. Therefore, the sheared was always verified as to minimise the meas-
urement error or declare the measurement invalid. For the sake of simplicity, only linear, Bingham 
behaviour of the material is further considered. 
In contrast to the viscometer measurements, the shear stress in case of tribometer is expressed as a 
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function of the sliding velocity based on conservation of momentum and Cauchy’s stress princi-
ple [51,171], cf. Equations  20 and 21: 
0 22

 
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τ
π R h
 (20) 
2 32
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i
H
μ
( π ) R h
 (21) 
Equation 17 can be applied under the condition that the shear/velocity gradient is concentrated only 
in the LL adjacent to the cylinder wall. The purpose is to measure the tribological behaviour of the 
outermost forming lubricating layer. This layer can partly incorporate bulk material if the concrete 
consistency is very flowable or the rotational testing speed is very high. 
The tribometers discussed in the literature [32,33,54,58] are of the Searle type, distinguished by the 
action of the driving rotational force on the inner geometry. In other words, the torque-measuring 
geometry rotates inside concrete and not the concrete around the measuring geometry as in the tribo-
meters previously proposed. Since the pumped concrete moves along the pipe, it is reasonable to 
measure the tribological properties on moving concrete. In this case, the formation of the LL is af-
fected by, among other things, the redistribution of the aggregates amplified by the inertia force from 
the moving concrete. In either respect, the author agrees that it is crucial to identify to what extent the 
bulk concrete is being sheared during the tribological tests. The method described in [58] is applied 
in combination with visual analysis of the concrete after the tribometer test to eliminate the 
contribution of concrete shearing, cf. Section 4.4.2. 
It should be noted here that the term “tribometer”, though widely used in concrete research, is not 
correct in the context of fresh concrete behaviour [18,162]. According to Pieter van Musschenbroek, 
the Dutch inventor of the device, the tribometer as such measures rather the coefficient of friction and 
frictional force [175] and not the rheological properties of the sheared outermost concrete layer. 
While the author decided in spite of that to use the common but incorrect term, he is well aware of 
the necessity of establishing correct terminology in the field. 
 
3.3 Direct determination of pumping pressure 
As earlier discussed in Section 2.2, it follows that at its most basic level, concrete pumpability can 
best be described as the relation between pumping pressure P and the resulting flow rate Q. The 
disadvantage of the two approaches proposed by Kaplan [51] is that they ignore the thickness of the 
LL. This thickness can be roughly determined by using sophisticated devices or computation 
modelling techniques [35]. The region of transition between the two flow types, plug or shear, corre-
sponds to pressure P1 and flow rate Q1, cf. Figure 23a.  
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a) b) 
Figure 23.a) Example for P–Q diagram showing the flow mode, plug or shear and the limit region between 
them (P1, Q1), as well as the working range of Sliper in comparison with full-scale pumping, b) Sliding 
Pipe Rheometer (Sliper). 
 
These two parameters can be determined according to Equations 22 and 23: 
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Kasten [34] developed the so-called Sliding Pipe Rheometer (Sliper), which makes possible the 
reliable estimation of the relationships between pumping pressure and discharge rate for various pipe 
lengths, cf Figure 23b. The direct outputs from Sliper are pressure and flow rate results in the form of 
a P–Q diagram and need no further transformations. The apparatus has been successfully applied for 
both stiff and highly flowable concretes [34,40,81], even if in [176] it is seen differently. For technical 
reasons, only some specific minimum and maximum values for the flow rate and/or pressure can be 
achieved with Sliper. This limitation is conditioned by the rheological properties of the concrete under 
testing, including the formation of the LL and the maximum number of weights which can be placed 
on the handles, as they determine the sliding speed of the plexiglass pipe filled with concrete. The 
prerequisite for the applicability of Sliper as an adequate testing method in conjunction with Equa-
tion 24 is the presence of a thin shearing layer in the immediate vicinity of the inner pipe wall 
[34,40,80]. This condition must be fulfilled in general; otherwise, concrete might cause block-
ages [11,57]. Equation 24 also incorporates the Sliper geometry (cf. also [34,40]): 
0 3
4 16 
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
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D π D e
 (24) 
where τ0LL is the yield stress [Pa] and μLL is the plastic viscosity [Pa·s] of the LL (to be distinguished 
0
2
4
6
8
10
0 25 50 75 100
P
re
ss
u
re
P
 [
k
P
a,
 b
ar
]
Flow rate Q [m3/h]
A
1
B
P1
Q1
Plug
flow
Plug and shear flow
Sliper, kPa 
Full-scale pumping, bar 
Handels 
Concrete 
Sliding plexiglas pipe 
Ø 126 mm, L=500 mm 
 
Pressure sensor and incor-
porated displacement 
transducer 
Weights for imposing 
pipe sliding speed 
APPLIED METHODS 
 
42 
from the parameters τ0i and μi measured in tribometer tests), L = 0.5 m corresponds to the length of 
the Sliper plexiglass pipe and D = 0.126 m to the diameter of this pipe and e is the thickness of the 
LL [mm]. The exact thickness e of the LL can only be partially determined experimentally [35,84]. 
Thus, Equation 24 is simplified using a parameterisation of the two variables A and B, where A is the 
P-intercept and B is the slope of P–Q curve. This is accomplished with the yield stress parameter a 
[Pa] and viscosity parameter b [Pa·s/m], Equation 25: 
4
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D A
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L
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3
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B π D
b
L
 (25) 
Finally, Equation 24 adjusted for the Sliper measurements takes the form of Equation 26 
3
4 16  
      
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L L Q
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 (26) 
where a = τ0LL and b = μLL/e with ASliper the PSliper-intercept and BSliper the slope of PSliper–QSliper curve. 
The actual values in a real pipeline APipeline and BPipeline can be determined by adjusting the geometric 
values L and D of the Sliper to length LPipeline [m] and diameter DPipeline [m] of the pipeline [34], 
Equation 27: 
3
4 16  
      

Pipeline Pipeline Pipeline
Pipeline Pipeline Pipeline Pipeline
Pipeline Pipeline
L L Q
P a b A B Q
D π D
 (27) 
At this stage, the two parameters a and b are assumed to be geometry-independent, despite the con-
crete heterogeneity due to the presence of aggregates which distort concrete flow. Other phenomena 
including hydrodynamic energy dissipation [106,177], dissipation through friction [11] and potential 
interstitial liquid transfer within the granular phase [140] depend on pipe geometry [57]. These phe-
nomena have a substantial effect on concrete pumpability but cannot be precisely quantified. One 
must keep in mind that the concrete pressure measured with Sliper is two orders of magnitude lower 
than in a real pumping circuit [34], cf. Figure 23b “kPa” for Sliper versus “bar” for an actual pipeline. 
With other words, Sliper measures the pressure loss in the pipe that can very well describe the actual 
pressure loss in the pipeline. The P–Q relationship predicted with Sliper is verified in the field meas-
urements with ordinary concretes and SCC by Putzmeister Engineering GmbH [34] and within the 
current research, cf. Chapters 4-6. 
 
3.4 Sampling and production of lubricating material 
The application of the method of wet-screening [33,176] to obtain lubricating material is directly 
connected with the assumption regarding the maximum aggregate size in the LL since a specific sieve 
size must be chosen. The employment of wet-screening was preceded by a series of preliminary tests 
to identify the maximum aggregate size in the LL at the inner pipe surface. The roughness of the 
smooth steel wall of the tribometer geometry was increased to obtain enough material by covering 
the inner cylinder with fine sandpaper of grit specification P100, with an average particle diameter 
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ϕ = 162 µm, cf. Figure 24.  
 
   
a) b) c) 
   
d) e) f) 
  
 
g) h)  
Figure 24. a) Tribometer geometry with sandpaper and a formed lubricating layer (LL); aggregates 
washed out of LL obtained from the mixtures under investigation: b) M1, c) M1-2F, d) M1-1Si, e) M1-
2Si, f) M2, g) M2-2F and h) SCC. 
 
 
After each test, the LL material formed was collected and wet-screened. The maximum aggregate 
size did not exceed 2 mm for all investigated mixtures, cf. Figures 24 and 25. Therefore, the LL ma-
terial – the reference mortar RM – was sieved out of concrete through a 2 mm sieve and investigated 
with respect to its rheological properties. For each sample, the paste content was determined by sub-
tracting the mass of the dry aggregates after washing on a 0.126 mm sieve. The water quantity was 
identified based on the same procedure as described in [178] using a microwave oven. Figure 25 
Sandpaper 
LL 
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displays the aggregate size distributions regarding percentages for each mixture investigated in Chap-
ter 4, resulting in very similar grading curve shapes. 
 
 
 
Figure 25. Granulometry of the aggregates in the extracted reference mortar RM, cf. Chapter 4. 
 
It is noteworthy that the extraction of 2-3 l mortar out of concrete necessary for rheological measure-
ments is very time-consuming. Besides, the rheological properties of the fresh material might be sub-
stantially affected by its age. In the next step, it was attempted to produce the design mortar (DM) 
with congruent composition and rheological properties as those of RM. Simply by mixing the neces-
sary quantity of ingredients, the DM should directly mirror the RM. The binder content from the 
analysis of the RM was divided between cement and fly ash/silica fume, respectively, corresponding 
to their volume fractions in each concrete recipe. Following a similar procedure, the content of the 
fine aggregate (< 2 mm) was determined. Finally, the superplasticiser was added at the same dosage 
by weight of binder as in the concrete mixtures. Table 8 in Section 4.2 provides the compositions of 
the designed mortars representing LL constitutive material. 
The mixer type and size [104] as well as the mixing intensity [179,180] markedly affect the rheology 
of cement-based suspensions. For this reason, special measures were taken to induce comparable 
mixing conditions for each DM related to RM. The relationships among energy, power, time and 
volume are given by Equation 28 [181]: 
   
   O I I
ξP t P t P t
E E
V V V
 (28) 
where E is the energy induced into mixture [J], PO and PI represent the output and input power of 
electric motor [W], ξ is the efficiency of the motor of the mixing device [-], while the quantities t and 
V are duration of mixing [min] and volume of the material [l], respectively.  
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Each concrete sample was produced in batches of 30 l in an ELBA EMS 60 twin-shaft mixer (Et-
tlingen, Germany) with a maximum capacity of 75 l of non-compacted concrete. The exact values of 
the mixing energy were directly read from an AC kilowatt-hour meter [182,183] resulting in 
EELBA = 92136 kW·h for t = 10 min and Vconcrete = 30 l. While the reference mortar was obtained 
through wet screening, the design mortar was separately produced in batches of Vmortar = 4 l volume, 
each using a 6 l laboratory mixer HSM Hobart (Offenburg, Germany) and following the mixing se-
quence according to Table 2. 
 
Table 2. Mixing regimes for ELBA and Hobart mixers. 
Step description 
Intensity [rpm] Duration [min] 
ELBA Hobart ELBA Hobart 
Mixing of dry components 25 170 3.0 3.0 
Addition of water including pre-dissolved super-
plasticiser, mixing 
25 170 0.5 0.5 
Mixing 45 198 4 4 
Manual scraping of agglomerates from the mixing 
drum walls 
– – 0.5 0.5 
Mixing  45 198 4.0 4.0 
 
The applied rotational mixing velocity corresponded to a rotational speed of 198 rpm. The mixing 
time needed to achieve equivalent shear energy in both mixers was determined using Equation 28 
under the assumption ξELBA = ξHobart. Since the energy input in both mixers must be the same, Equa-
tion 29 applies: 
150210 
  
 kW h
30 l 4 l
Hobart HobartELBA
concrete mortar
E EE
V V
  (29) 
resulting in EHobart = 20028 kW·h achieved at the time tHobart = 8 min. This prolonged mixing duration 
was purposefully applied to compensate the lack of the resulting additional shear due to the absence 
of coarse aggregates in the mixture. It was assumed that 8 min mixing time in a Hobart mixer was 
comparable to 9.5 min mixing time in an ELBA mixer about the energy induced into the mortar or 
concrete. The same slump flow value for the corresponding RM and DM was attained while using 
the small cone according to [184] to have a common starting point for all compositions. 
 
3.5 Measurement of filtrate amount 
The experiments on mixture stability by measuring filtrate amount were performed by the colleagues 
from the Leibniz Universität Hannover, Institute of Building Materials Science, using the portative 
high-pressure filter press (PHPFP), cf. Figure 26a.  
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a) b) 
 
 
c)  
Figure 26. a) Portative high-pressure filter press; b) representative extracted aqueous filtrate sample; c) fil-
trate formation in time for the mixtures under investigation; photos courtesy of Dario Cotardo. 
 
The filtration cell has an inner diameter D = 150 mm and a filling height H = 300 mm, and was used 
in combination with filtrate paper with a pore size of 4 to 12 µm. This way, the rate of filtrate for-
mation could be studied in a small-scale test since it was presumed to mimic the radial, friction-
induced separation of the liquid phase from bulk concrete while being pumped through a long pipe. 
Hereby, the flowing particles are allocated to act as the self-growing filter from which the LL is 
outcast. When the container is filled with freshly mixed concrete, under applied pressure the solution 
containing cement particles (filter material) tends to escape, cf. Figure 26b. The amount of filtrate is 
measured continuously, cf. Figure 26c. The presented results refer to the performed full-scale 
pumping experiments discussed in detail in Chapter 3. Under high pressures, the physically bound 
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water, i.e., rheologically effective water, is pressed out of concrete; only adhesively bound water and 
interstitial water remain in the mixture. This process can be related to concrete pumpability, LL for-
mation and concrete proneness to bleeding. The latest will be discussed in detail elsewhere. Depend-
ing on concrete composition two main phases of the filter material formation are identified. In the 
first phase, the rate of filtrate formation is assumed to be constant. In the second phase, the rate grad-
ually falls to zero. For the investigated mixtures, the maximum filtrate amount was attained within 
approximately 6 min corresponding to the duration of the first phase. The second phase covered the 
remaining time till 10 min are passed. The transition time cut between two phases was chosen for 
filtrate rate formation below 0.25 g/s for all the mixtures as it was decided that a lower amount can 
be neglected. The higher the filtrate amount obtained, the better the pumpability can be expected. It 
should be considered though, that a high the rate of filtrate material formation means intense “bleed-
ing” and is a clear indication for an unstable mixture [36]. Nevertheless, the rate of filtrate formation 
is used as a measure of pumpability based on the amount of water containing only fines with a max-
imum particle size ≤ 0.012 mm exuded out of the concrete samples. At this stage, it should be 
remarked that if such a highly densified state would occurr in the pipeline, the interactions between 
particles would change from hydrodynamic to direct friction and finally cause a blockage of the 
pipeline [11,57] even if a highly efficient HRWRA is present, which acts as a lubricating agent 
between particles. Since the procedure was intended to be used on site, the testing time was adjusted 
according to the total pumping time of concrete. On site, depending on pipeline length, concrete 
leaves the pipeline within 2 to 15 min [64]. It was therefore meaningful to experimentally analyse the 
formation of filter material within this time range. 
Theoretically, the entire filtrate amount is interpreted as being available for LL formation. Actually, 
the less liquid volume is likely to contribute to LL formation, since the maximum applied pressure in 
the filtration setup is higher than the pumping pressure. According to [54] the relative amount of paste 
Vpaste required to build LL of a thickness e can be calculated using Equation 30: 
   
2 2
pasteV π R -(R-e) L  
(30) 
where R [m] and L [m] are pipeline radius and length, respectively. 
 
3.6 Analytical determination of lubricating layer thickness 
A major drawback of the approaches proposed by Kaplan et al. [32] is that the LL thickness e is not 
considered since it can only be estimated roughly. In the original interface flow expression, the term 
e
LL , see Equation 31, is replaced by µi [32,58],: 
0  
LL
i
μ
τ τ ν
e
 (31) 
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with τ and τ0i the shear stress and yield stress [Pa], respectively, μi the plastic viscosity parameter 
[Pa·s/m], ν the sliding/slipping velocity [m/s] measured by tribometer, and μLL the plastic viscosity 
[Pa·s] (also τ0LL yield stress [Pa] mentioned below) of the LL measured by viscometer. The two 
approaches proposed in [32] can be rewritten for the plug flow type as Equation 32 and the shear flow 
type as Equation 33, respectively: 
0 2
2
 
 
  
  
 
LL
i
μ
Q
L eP τ
R π R k
 (32) 
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   
  
  
i
LL
i
LL
Q R R
τ τ
μL π R k μ μ
P τ
μRR e
μ e
 (33) 
In addition to the parameters from Equation 31, τ0 corresponds to the yield stress and μ to the plastic 
viscosity of the bulk concrete determined with viscometer, k represents the pipe filling coefficient, R 
the pipe radius, and L the pipe length. Since the other parameters including pressure P and flow rate 
Q are known, the LL thickness e can be determined by applying Equation 34 for the plug flow type: 
2
0
2


 
    
 
LL
i
Q μ
e
P R
τ π R k
L
 (34) 
and Equation 35 for the combined shear flow type, respectively: 
i
LLLLLL
τkμRLπkμRPπ
μμQLRμkPπRμτkLπ
e
0
23
43
0
2412
2438


  (35) 
A summary of the procedures applied in computing e is depicted in Table 3. 
 
Table 3. Procedures applied for the assessment of LL thickness e. 
Designation Approach Flow type 
Sliper-D direct measurement  plug/shear 
Sliper-0  LL
μ
e
b
 plug/shear 
Tribo-D direct measurement  plug/shear 
Tribo-0 
LL
i
μ
e
μ
 plug/shear 
Tribo-1 2
0
2


 
    
 
LL
i
Q μ
e
P R
τ π R k
L
 
plug 
Tribo-2/XX13 
3 4
0
3 2
0
8 3 24
12 24
              

         
LL LL LL
i
π L k τ μ R π P k μ R L Q μ μ
e
π P R μ k π L R μ k τ
 shear 
                                                 
13
 “XX” refers to the corresponding flow rate Q 
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In the direct assessment methods Sliper-D and Tribo-D, based on Sliper and tribometer, respectively, 
the thickness of the forming LL is measured after finalisation of the corresponding experiment using 
a grading ruler. The precision of this method is arguable since the perception of the “real thickness” 
may be subjective. However, this experimental approach is considered sufficiently reliable and fea-
sible. The assessment methods Sliper-0 and Tribo-0 are derived from the µLL/e, with b and µi as 
viscosity parameters for Sliper and tribometer respectively [Pa·s/m] [18,40], cf. Sections 3.2 and 3.3. 
Finally, the methods Tribo-1 and Tribo-2 are based on Equations 34 and 35 and can be applied de-
pending on the flow type, plug or shear, of the concrete under investigation. For this purpose, the 
values for P1 and Q1 are computed to identify the limit region between plug and shear regimes for 
each concrete mixture using Equations 22 and 23. 
 
3.7 Small-scale pumping 
The P–Q relationships were measured directly in a laboratory instrumented pipeline, cf. Figure 27.  
 
 
Figure 27. Small-scale pumping experiments in an instrumented laboratory concrete pipeline, the dimen-
sions are given in [mm]. 
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The total horizontal pipe length is L = 3.401 m, and the pipe diameter is D = 36 mm. Concrete pump-
ing through the pipe was made possible by an air compressor that forced air into the tank filled with 
fresh material, keeping the air pressure constant. The testing procedure included a series of prelimi-
nary tests to prove the reliability of the chosen methodology. Each mixture was tested three times at 
different pumping pressures of 1.0, 1.5 and 2.0 bar. The pipeline was equipped with two pressure 
sensors mounted with a distance of 1.50 m between them. 
The laser device installed inside the concrete tank continuously recorded the decrease in the surface 
level of the material, thus delivering the data basis for the calculation of the flow rate. The entire 
process was controlled by computer software developed with the pipeline setup at the Institute of 
Applied Construction Research in Weimar, Germany. 
 
3.8 Full-scale pumping 
The pumping experiments were performed within the industrial project AiF-IGF “Effective pumping 
of concrete”, the grant number 18361 BR/1. The present thesis refers only to the most relevant part 
of the generated results as needed to verify the proposed methodology. The complete results will be 
available in the final project to be completed in spring 2018. 
Horizontal loop circuit with a total length of 154 m was designed and used for full-scale pumping. 
The circuit was assembled of high-pressure pipes of one, two and three meters length, cf. Figures 28a 
and 28b. The experimental pipeline was placed in the immediate neighbourhood to the concrete plant 
from where the fresh concrete was delivered. The pipe sections, the pump and further accessories 
were provided by the industry partners involved in the project. 
The entire circuit included three 180° and two 90° bends. The pipeline consisted of two sections with 
distinct diameters of 125 and 100 mm, connected over a reducer DN125/100, cf. Figure 28c. Support-
ing wooden beams were used to raise and level the pipes. 
The chosen pipeline geometry was the results of intense discussions with the industry partners who 
also supported the execution of the full-scale pumping experiments. The application of varying di-
ameters is a widespread technique in the practice to assure a high pressure along the entire pipeline 
especially for long distances [64]. 
The pumping circuit was equipped with: 
 Eight pressure transducers designed to be used for abrasive media (model BROSA type 0310, 
BROSA, Tettnang, Germany), with a measuring range from 5 to 400 bar, cf. Figure 28d;  
 One magnetic flow meter (model Transmag 2 Sensor 911/E, Siemens, München, Germany) 
installed at the end of the pipeline in the immediate vicinity to the last pressure sensor P8, 
cf. Figure 28e; 
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 Three vibration resistant temperature sensors (RS PRO, Platinum Resistance Pt100 thin film 
detectors) mounted on the exterior wall of the pipe, cf. Figure 28f. The measured temperature 
evolution is not discussed in the present thesis; those results will be published and discussed 
elsewhere. 
The total pipe length between the first P1 and last P8 pressure sensor was 155 m. A truck-mounted 
pump with two pistons was employed for the experiments, cf. Figure 29a.  
 
  
a) b) 
  
c) d) 
Figure 29. a) Truck-mounted hydraulic pump; b) pump hopper and two pumping cylinders; c) remote 
control for controlling the position of the placing boom and pumping speed; d) pressure sensor for the 
pump oil; photos a) and c) courtesy of Stephan Falk. 
 
The pump employed for the experiments was a dual-piston pump with a placing boom composed was 
of two cylinders, each with a diameter D = 230 mm and a total length L = 2000 mm, cf. Figure 29b. 
The activity of the pump was controlled using a remote control, cf. Figure 29c. Furthermore, a ninth 
Pistons 
Reducer 
Pipeline 
Pump hopper 
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pressure sensor was mounted on the pump to monitor the oil pressure during pumping, cf. Figure 29d. 
The concrete discharged into the hopper was pushed into the conveying line by an alternate movement 
of the cylinders backward and forward. Initially, the concrete was sucked into one of the cylinders 
due to the negative pressure. Simultaneously, the other piston pushed the concrete into the pipeline. 
The pump configuration made of a special “S”-shaped pipe and a valve installed at the end of the 
cylinders ensured an alternate connection of the pistons with the main pipeline. The pump and the 
conveying line were connected via a reducer due to the difference in the diameter of the cylinder and 
the pipe. Naturally, while pumped into the pipeline, concrete was subjected to substantial defor-
mations. The reducer played at the same time the role of “stability check” since highly unstable con-
crete would get stuck in the initial segment and not block the pipe of both the pipeline or of the placing 
boom. Further technical details are given in Table 4. 
 
Table 4. Pump technical data [185]. 
Item  Specification 
Pump battery P2023 
Max. theoretical output [m3/h] 164 
Max. pressure [bar] 85 
Max. number of strokes/min 33 
Diameter hydraulic cylinder [mm] 230 
Length hydraulic cylinder [mm] 2000 
 
The chosen pump can achieve a pressure of 85 bar on concrete or an output of 164 m3/h. In general, 
maximum pressure and discharge rate cannot be attained simultaneously. 
Before inserting the concrete into the pipeline, an amount of 0.5 to 0.75 m3 of a preparatory cement 
grout containing fine aggregates was pumped before the fresh concrete to facilitate the formation of 
LL and the movement of concrete, cf. also Section 8.2. The cement grout together with some of the 
“contaminated” concrete coming after it was removed from the pipeline at the very beginning of the 
pumping process in the container located next to the pipe set-up. The rest of the concrete was then 
pumped into the circuit. The pumping regime followed a defined testing program: Four different flow 
rates were imposed within 27 min according to the sequence shown in Table 5. The pump operator 
controlled the flow rate with a portable remote control. Each step lasted for 3 min.  
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Table 5. Pumping regime in full-scale pumping experiments 
Speed 
Strokes 
[1/min] 
Flow rate14 
[m3/h] 
Oil pressure14 
in pump 
[bar] 
Effective 
pressure14 
[bar] 
Time 
[mm:ss] 
1 10 Q1=10 P1P=60 P1=10 00:00-03:00 
2 19 Q2=15 P2P=75 P2=15 03:00-06:00 
3 32 Q3=22 P3P=120 P3=20 06:00-09:00 
4 49 Q4=30 P4P=175 P4=30 09:00-12:00 
3' 32 Q3'=22 P3P'=120 P3'=25 12:00-15:00 
2' 19 Q2'=15 P2P'=75 P2'=20 15:00-18:00 
1' 10 Q1'=10 P1P'=60 P1'=15 18:00-21:00 
0 0 0 0 0 21:00-24:00 
3'' 33 Q3''=15 P3''P=120 P3''=25 24:00-27:00 
 
The direct results from pumping experiments are exemplarily depicted for the reference mixture M1 
in Figure 30. They include the oil pressure measured at the pump and the pressure in the pipeline, 
cf. Figures 30a and 30b. Figure 30c depicts the variation of the flow rate measured at the end of the 
pipeline. The outcome of each speed step are average values for the flow rate and corresponding 
pressure from this step. Since there are great changes in pressure and flow rate during the pumping 
process, the results corresponding to the steady-state flow are considered. The procedure implies an 
algorithm based on finding and eliminating the sharp peaks and drops recorded by the sensors. The 
selected average results are grouped to generate the “pumpability” P–Q curve used for comparison 
with the predictions from the analytical and numerical approaches, cf. Section 6.3.4. The upward P–
Q curve (1) is used for comparison with the rheological properties of the concrete before pumping, 
cf. Figure 30d. The downward curve (2) is used for characterisation of concrete pumpability after 
pumping. Both curves are fitted to a straight line using linear regression characterised by the slope A 
and the Y-intercept B with the indices “u” and “d” for the upward and downward curves, respectively. 
Further discussion on the applied linear model is available in Section 3.3 
  
                                                 
14 Rough values strongly depending on concrete type and age 
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a) b) 
  
c) d) 
Figure 30. a) Stepwise increase and decrease of pumping pressure; b) resulting pressure in the pipeline 
corresponding to the eight pressure sensors (P1 the uppermost and P8 the lowermost); c) evolution of flow 
rate measured next to the last pressure sensor (P8); d)  pressure-flow rate curve P–Q for the upward (1) 
and downward (2) development of pumping pressure. 
 
The month of September 2016 was chosen for performing the full-scale experiments aiming mild and 
stable weather conditions since the pumping tests were carried out outside. The evolution of the tem-
perature and humidity during the testing days is summarised in Figure 31. The tests completed on 
partially rainy days were repeated. The climate conditions varied between (20.5 ± 3.5) °C tempera-
ture and a relative humidity of (55.0 ± 7.5) %. 
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Figure 31. Weather conditions during the full-scale experiments on site, adapted from [186]. The red 
dashed lines mark the 12 testing days. 
 
3.9 Numerical method 
3.9.1 Material model 
A numerical simulation of the experiments was performed using computational fluid dynamics (CFD) 
in combination with the available commercial software ANSYS Fluent®, academic version 17.1. The 
single fluid approach was applied to model the flow of concrete in the pipeline following the approach 
presented in [35,68]. In addition to the no-slip condition at the concrete-pipe wall interface [187], the 
following assumptions were made: 
 Concrete flow behaviour is approximated to that of a Bingham fluid and is considered to be 
continuous, laminar (Re < 1) and time-independent; 
 The model consists of LL and concrete bulk zones. The properties of each zone are separately 
assigned in the form of parameters as obtained from rheological experiments; and 
 The thickness and rheological properties of LL do not change along the pipe. 
The concrete flow behaviour was treated as a function of the pipe geometry and the properties of both 
concrete bulk and LL. The tool of CFD was applied to determine the velocity profiles along the cross-
section of the pipeline [35]. Furthermore, the CFD model was used to predict the pressure in the full-
scale pumping experiments, assuming adherence conditions at the interface between concrete and 
pipeline, i.e., no-slip condition15. The Navier-Stokes equation in its discretised version of an integral 
representation was implemented as a constitutive equation to evaluate the motion of the continuous  
                                                 
15 The velocity of the fluid in motion relative to the solid wall is equal to the velocity of the surface and no slip occurs 
relative to it [201]. 
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fluid phase, cf. Equations 36 and 37: 
  0
 
  
 
i
i
ρ
ρ u
t x
 (36) 
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(37) 
with ρ fluid density [kg/m3], u velocity [m/s], μ fluid viscosity [Pa∙s] and P pressure [Pa]. The first 
and the second terms in Equation 37 represent the temporal variation of the momentum and the fluid 
acceleration, respectively; on the right side, the negative term refers to the normal stresses and later 
term to the tangential shear stresses [188]. The change in viscosity of concrete was described using 
the bi-viscous approach [189,190] that combines the Newtonian and Bingham fluid models, cf. Equa-
tions 38 and 16, respectively: 
 τ γ η  (38) 
with η dynamic viscosity [Pa∙s]. The viscosity value was expressed in terms of threshold shear rate 
Cγ . For shear rates below the critical shear rate,  Cγ γ , the material behaves as very viscous 
Newtonian fluid with a purposely chosen higher initial viscosity than the measured one, 
ηN = 100 Pa∙s > ηB1…ηBn. When Cγ  is surpassed, the material deformation is dominated by the effect 
of the dynamic viscosity ηB attributed to the Bingham fluid [189,190], cf. Figure 32. If Bingham 
model would be employed directly, at very low shear rates, the numerical simulation would become 
invalid since the viscosity would tend to infinity and the solution would be divergent [191]. 
 
 
Figure 32. Bi-viscous model, also known as combined Newtonian-Bingham fluid model, adapted 
from [191]. 
APPLIED METHODS 
 
58 
3.9.2 Numerical implementation 
The numerical model proposed in this subsection was developed within two master theses entitled 
“Analysis of concrete flow in the pipe and the influence of the LL on the concrete pumpability using 
analytical and numerical approaches” [192] and “Assessment of concrete pumpability using 
rheological tools and full-scale pumping experiments and optimisation of the existing numerical 
model” [193] completed under the supervision of the present author. 
The pipeline geometry was adapted according to the real one. The material model was implemented 
using the software feature called user-defined function (UDF). Further information regarding the 
model geometry is available in Appendix B. Figure 33a illustrates the generated mesh. 
 
  
a) b) 
Figure 33. a) Generated mesh of pipe cross-section; b) boundaries between lubricating layer (LL) and 
concrete bulk. 
 
In Figure 33b the limitations between the LL and the concrete bulk are depicted. Point O corresponds 
to the pipeline centre, C is the centroid (geometric centre) of an arbitrary cell, R [m] is the pipe radius 
and d [m] is the distance between the pipe centreline and the centroid of the cell. The experimentally 
determined rheological parameters were assigned by the UDF according to the position of the cell 
(LL or concrete bulk) with respect to the centreline. Initially, the numerical model was applied to a 
problem with a pipe length L = 0.5 m considering the concrete flow as in the Sliper set-up, cf. Figure 
34. The model uses a similar approach as previously proposed in [194], under the consideration of 
the following boundary conditions: 
 Pressure inlet at the top of the concrete is equal to the atmospheric pressure; 
 Inferior pipe section next to the pressure sensor is fixed, cf. Figure 34a; 
 Plexiglass wall slides toward the fixed wall corresponding to the position of the pressure 
sensor, cf. Figure 34b; 
 The gravity is equal to the earth gravity g = 9.81 m/s2 in the direction of moving wall. 
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a) b) 
Figure 34. Sliper set-up a) before and b) after downwards movement. 
 
An example of the pressure profile distribution for ordinary concrete is illustrated in Figure 35c. 
 
 
 
a) b) 
 
c) 
Figure 35. a) Boundary conditions of modelled short pipe; b) example of velocity profile v [m/s] for a 
SCC mixture at a flow rate Q = 40 m3/h and c) resulting pressure distribution P [Pa]. 
Pressure sensor 
Sliding pipe (up) Sliding pipe (down) 
Fixed wall 
Initial state 
P = 0 Pa 
Sliding wall 
Fixed wall 
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The model was calibrated with material parameters from the rheological measurements by means 
tribometer and viscometer including LL thickness e according to the Sliper results, cf. Section 6.3.2. 
The prediction of pumping pressure was verified based on full-scale experiments in the final phase 
of the present research, cf. Section 6.3.4. The developed numerical model was at first applied for the 
case of a small-scale pipeline, following the goal to numerically determine the e values for concrete 
mixtures under investigation and to compare them with the analytical and experimental evidence. 
Examples of the velocity profile and pressure distribution in the pipeline for a mortar mixture are 
shown in Figures 36b and 36c, respectively. The material properties of the concrete were adjusted 
according to the rheological parameters determined with rheometer, cf. Section 5.3.3. 
 
 
a) 
 
b) 
Figure 36. a) Pressure distribution P [Pa] in the small-scale pipeline for a flow rate Q = 2.50 m3/h and 
b) resulting velocity profiles v [m/s]. 
 
In the final part of the present research, the numerical model was implemented on the full-scale pipe-
line geometry. An example of the pressure distribution in the pipeline and velocity profile is depicted 
CHAPTER 3 
 
61 
in Figures 37a and 37b, respectively. 
 
 
a) 
 
b) 
Figure 37. a) Pressure distribution in the full-scale pipeline for SCC for a pumping pressure P = 40 bar 
and b) resulting velocity profile v [m/s] in a DN125 section. 
 
The pipeline is modelled under the consideration of two sections with distinct pipe diameter, DN125 
and DN100. The 180° bends and the reducer are implemented according to the actual pipeline geom-
etry, cf. Figures 38a and 38b. 
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a) b) 
Figure 38. Generated mesh for a) bend and b) DN125/100 reducer. 
 
The necessary time for the simulation and number of generated elements are presented in Table 6. 
Here, the pre-processing time refers to the time needed to generate the geometry, the mesh and to 
couple it with the existing UDF. 
 
Table 6. Approximate simulation time for the various simulated experiments. 
Device 
Number of mesh 
elements16 
Pre-processing 
time [min] 
Computation 
time [min] 
Total time 
[min] 
Sliper 175000 10 10 20 
Small-scale pipeline 466000 20 20 40 
Full-scale pipeline 478000 30 30 60 
 
                                                 
16 Academic version of ANSYS Fluent® 17.1 is limited to ca. 500000 cells/nodes [202] 
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4 Characterisation of concrete pumpability 
 
4.1 General 
The composition and the rheological properties of the lubricating layer (LL) forming at the interface 
to the pipeline wall are of great importance since most of the shear due to pumping is concentrated in 
this layer. In this chapter, the rheological properties of LL are investigated by sampling material 
forming it from the various concrete mixtures. The results confirm that in addition to the rheological 
properties of the bulk of fresh concrete, the features of the LL and the roughness of the pipe-wall 
significantly affect concrete flow in pipes. Based on the composition of the concrete and the LL, it is 
possible to separately produce the constitutive material of the LL, i.e., designed mortar, with proper-
ties similar to the one forming in concrete during pumping, i.e., reference mortar. It is as well 
demonstrated that knowledge of the rheological properties of the LL is not sufficient to state whether 
the concrete is pumpable or not. Only a combination of rheological instruments makes the fair 
characterisation of concrete pumpability possible. 
 
4.2 Mixture design parameters 
The concrete mixtures presented in this section were purposefully designed to be used for the verifi-
cation of the applied experimental methodology, cf. Sections 3.2-3.4. The composition of the concrete 
mixtures is shown in Table 7. Further details about the materials are available in Appendix A. Each 
mixture was given a specific name, e.g.: 
 M1 and M2, ordinary concrete with rounded (M1) or crushed (M2) aggregates with no addi-
tions; 
 M1-1Si, ordinary concrete with rounded aggregates with 10 % silica fume; 
 M1-2F and M1-2Si, ordinary concrete with rounded aggregates with 20 % fly ash or 20 % 
silica fume; 
 SCC, self-compacting concrete with an increased amount both of paste and superplasticiser 
to reach a slump flow diameter larger than 600 mm, measured according to [195]. 
The reference mixtures M1 and M2 had consistency classes of F4 and F3, respectively, according 
to [109]. The addition of FA and SF was performed on a cement-replacement basis, i.e., w/(c+SF+FA) 
is constant. The application of SF in ordinary concretes is unusual but was deliberately chosen to 
show its substantial effect on the rheological properties of concrete and the formation of LL, 
cf. Section 4.4.2. 
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Table 7. Matrix composition of the reference concrete mixtures. 
Material 
Density 
[kg/m3] 
Unit mass [kg/m3] 
M1 M1-1Si M1-2F M1-2Si M2 M2-2F SCC 
CEM II/A-LL 42.5 N 3050 350 315 280 280 350 280 350 
Fly ash 2215 - - 70 - - 70 255 
Silica fume 2330 - 35 - 70 - - - 
Quartz sand 0.06/0.2 2650 56 56 56 56 56 56 48 
Quartz sand 0/2 2650 753 753 753 753 753 753 636 
Quartz sand 2/4 2650 169 169 169 169 - - 143 
Quartz gravel 4/8 2650 357 357 357 357 - - 302 
Quartz gravel 8/16 2650 546 546 546 546 - - 461 
Basalt split 2/5 2900 - - - - 309 309 - 
Basalt split 5/8 2900 - - - - 288 288 - 
Basalt split 8/11 2900 - - - - 288 288 - 
Basalt split 11/16 2900 - - - - 288 288 - 
Water 1000 175 175 175 175 175 175 175 
HRWRA 1050 4.9 4.9 4.9 4.9 4.9 4.9 8.05 
w/b [-] - 0.50 0.50 0.50 0.50 0.50 0.50 0.29 
Vol. aggregates [%]  - 71 71 71 71 71 71 60 
Flow table, slump flow [mm] - 530 500 600 430 470 520 60017 
 
Mixing and testing of concrete was performed in a laboratory climate of (20 ± 2) °C temperature and 
(42 ± 4) % relative humidity. During testing, the mixtures remained stable regarding bleeding and 
segregation, thus fulfilling the essential requirement before proceeding with the experiments. The 
mixtures containing silica fume were tested only with the rheological equipment described in 
Section 3.2 since the Sliper device was not available at that time. 
Table 8 provides the compositions of the DMs produced according to the method described in Sec-
tion 3.4. Here, the index “m” in the designation name indicates the “mortar” belonging to the respec-
tive concrete. 
 
Table 8. Matrix composition of design mortars (DM). 
Material 
Density 
[kg/m3] 
Unit mass [kg/m3] 
m1 m1-1Si m1-2Si m1-2F m2 m2-2F mSCC 
CEM II/A-LL 42.5 N 3050 566 473 420 423 577 433 449 
Fly ash 2215 – – – 106 – 108 326 
Silica fume 2330 – 53 100 – – – – 
Quartz sand 0.06/0.2 2650 103 103 103 103 103 104 85.0 
Quartz sand 0/2 2650 1373 1373 1378 1370 1362 1378 1133 
Water 1000 258 265 258 258 258 258 253 
HRWRA 1050 7.92 7.36 7.28 7.40 7.28 8.08 7.35 
w/b [-] – 0.46 0.50 0.50 0.49 0.45 0.46 0.32 
Volume aggregates [%] – 56 56 56 56 56 56 46 
Volume paste [%] – 44 44 44 44 44 44 54 
                                                 
17 Slump flow 
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4.3 Comparison between reference and design mortars 
The measured rheological parameters µLL and τ0LL of the reference mortars obtained through the 
method of wet-screening on the one hand and those of the design mortars, on the other hand, both 
assumed as LL constitutive materials, showed a significant correlation of 0.92 and 0.95, respectively, 
cf. Figure 39. It can be stated that the design of mixture composition and mixing procedure based on 
the properties of the reference mortar (RM), sieved out of concrete as LL constituent material, enables 
the production of DM with a very similar rheological response as RM. 
 
  
a) b) 
Figure 39. Correlation of the results obtained for a) plastic viscosity μ and b) yield stress τ0 for reference 
mortars RM and designed mortars DM. 
 
4.4 Results and discussion 
4.4.1 Rheological behaviour of concretes and design mortars 
As stated earlier, concrete pumpability depends not only on the rheology of the concrete bulk but, to 
a greater extent, on the properties of the LL formed. Since the viscometer measurements on concrete 
mainly depict the rheological performance of the bulk in the pipe [80,81], the tribometer measure-
ments were employed additionally to quantify the concrete pumpability. Thus, the prediction of the 
necessary pumping pressure was possible through the characterisation of the properties of the LL. 
Figure 40 depicts the behaviour of concretes and design mortars in terms of plastic viscosity or vis-
cosity parameter and yield stress parameters in τ0/τ0i–μ/μi and τ0LL/τ0i–μLL/μi diagrams.  
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a) b) 
  
c) d)  
Figure 40. a) Viscometer – yield stresses τ0 and τ0LL, plastic viscosities µ and µLL of concrete and DM; 
b) tribometer – yield stress parameter τ0i and viscosity parameter µi of concrete; c) correlation between µi 
and µLL, d) correlation between µi and µ. 
 
For better comparison, the results obtained from the viscometer for concretes and mortars are com-
bined in Figure 40a and additionally presented together with tribometer parameters in Figure 40b. The 
ellipses with dashed boundaries frame the values obtained for individual groups: RM and concrete 
tested with viscometer and tribometer. Figures 40c and 40d show a weak correlation between the plas-
tic viscosity of concrete μ and mortar μLL and the interface viscosity parameter μi when SCC is 
omitted. The apparently good correlations with R² = 0.77 or even 0.84 are represented in faded colour 
and result mainly from the elevated magnitude of the SCC viscosity parameter μi. On the contrary, 
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the rheological parameters of concrete and mortar show a trend in terms of absolute values obtained 
for τ0, μ, τ0LL and μLL with higher magnitudes for the concrete. The rheological properties of concrete 
(suspension of coarse aggregates) are dominated by the properties of the mortar (suspension of fine 
aggregates). Certainly, the rheological properties of the LL dominate the pumpability of concrete but 
are not enough to describe the material response during pumping throughout. Other factors such as 
pressurised bleeding, dilatancy [104,177] at the pipe wall and migration effects under shear flow 
leading to the increase in LL formation [196] are a matter for more detailed future studies. During 
pipe flow, the rheological properties of the LL undergo permanent modifications. Because of the 
intense pipe cross-sectional shearing during the pumping process, the plastic viscosity μ mostly con-
tributes to the overall flow resistance, i.e., a higher pumping pressure [104]. In consequence, the yield 
stress parameter becomes less relevant for pumpability. A reduction in yield stress decreases the 
needed thrust to initialise the movement. However, such change in yield stress does not necessarily 
improve concrete pumpability: SCC characterised by low yield stress shows high values for both 
plastic viscosity μ and viscosity parameter μi and is consequently less pumpable in comparison to 
ordinary concrete. 
 
4.4.2 Influence of wall roughness on rheological parameters 
The influences of the wall surface roughness on the rheological parameters yield stress τ0i and vis-
cosity µi are shown in Figure 41.  
 
   
a) b) 
Figure 41. Influence of surface roughness on a) viscosity parameter µi and calculated increase in pressure 
required for a flow rate Q = 20 m3/h and pipe diameter d = 0.126 m b) yield stress τ0i results. 
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For all concrete mixtures, an increase in wall surface roughness by applying sandpaper leads to a 
pronounced increase in the magnitude of both tribological parameters. It is particularly remarkable 
for concretes with high values of plastic viscosity µ, among others for SCC. In contrast, concretes 
with low µ values (M1-1Si and M1-2Si) show the smallest increment in the viscosity parameter value 
µi with increasing wall roughness. 
Prior to the tribological test, yellow stripes were sprayed on the upper surface of concrete placed in 
the tribometer to determine the extension of the sheared zone and the thickness of the LL around the 
inner cylinder, cf. Table 9. The images show the shape of this marking after a completed measure-
ment. The width of the zone of high shear deformations varies between very few millimetres for SCC 
and the mixtures containing silica fume (M1-1Si and M1-2Si) and over 10 mm for the other mixtures. 
The tests performed with a sandpaper-dressed inner cylinder showed, as expected, a clear formation 
of the LL and shear zone reaching the bulk concrete as well. As discussed in [61] the slip case and 
flow profile are interconnected and strongly dependent on the surface properties of the pipes. The 
pressure loss for both conditions is computed according to Equations 5 and 6, plug or shear flow 
mode, for a pipe geometry having a diameter d = 0.126 m and a filling coefficient k = 1.  
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Due to higher shear rates in the pipes with rough surfaces, the pumping pressure needed for a given 
flow rate increases considerably. The difference in percentage for the computed increase in pressure 
is shown in Figure 41a and reaches as much as 50 % for the concretes with highest µi values, i.e., M2, 
M2F and SCC for a flow rate Q = 20 m3/h. The behaviour of concretes M1-1Si and M1-2Si with the 
lowest values for µ and µi are least affected by the increased wall surface roughness. On the other 
side, no consistent trend could be observed between the elevated values of the interface yield stress 
parameter τ0i and the pressure losses, regarded as much less relevant for the pumping pressure, Figure 
41b. Considering the results from [61], with increasing friction at the pipe wall the thickness of LL is 
decreasing while the velocity profile becomes wider causing shear flow. The opposite is valid for 
smooth pipe walls with pronounced LL formation and plug flow. 
 
4.4.3 Prediction of pumping pressure 
A comparison between the pumping pressures determined by Sliper and those predicted by tribolog-
ical measurements is depicted in Figure 42. The results are presented regarding P–Q diagrams. 
  
a) b) 
Figure 42. Pressure-flow rate relationships for concretes at the age of 40 min as obtained on the basis of 
a) Sliper (adapted from [80]) and b) tribometer (with linear trend lines) measurements. 
 
In the following evaluation, the concrete bulk in the pipe is either assumed to be partially sheared, 
e.g., SCC mixture, or the concrete movement through the pipe is approximated to that of a plug (other 
mixtures) by applying Equations 5 and 6. In theory, if the Bingham model is applicable, the P–Q 
curve takes under such circumstances a bi-linear shape [32]. However, neither in the full-scale exper-
iments [34] nor in the Sliper measurements are the P–Q relationships were explicitly bi-linear [80,81]. 
If the inflection point occurs at a very low shear rate, as for SCC or concretes with low yield stress in 
0
5
10
15
20
0 25 50 75 100 125
P
u
m
p
in
g
 p
re
ss
u
re
 P
[k
P
a]
Flow rate Q [m3/h]
M1
M1-2F
M2
M2-2F
SCC
0
5
10
15
20
0 25 50 75 100 125
P
u
m
p
in
g
 p
re
ss
u
re
 P
[k
P
a]
Flow rate Q [m3/h]
M1
M1-2F
M2
M2-2F
SCC
CHAPTER 4 
 
73 
general, the first part of the curve can be ignored. The pumpability behaviour of this type of concrete 
is described by Equation 5, which considers the bulk to be partly sheared. The chosen geometry spec-
ifications correspond to that of the Sliper pipe. Due to local segregation, the ordinary concrete mix-
tures M1 and M2, both with and without fly ash, show mostly plug flow with a well-developed LL at 
the wall-concrete interface in both Sliper and tribometer tests, Table 9. Among all mixtures, M1 with 
rounded aggregates and M1F with fly ash are the easiest to pump: A less steep slope of the curve 
corresponds to “higher pumpability” of the mixture, which means that low pumping pressure is 
needed to ensure a given discharge rate [32,35]. The opposite case is true for M2 and M2F containing 
crushed coarse aggregates, which have an adverse effect on concrete pumpability. The proneness of 
such aggregates to interlock and amplify the interparticle friction results in increased pumping pres-
sure. Moreover, the steepness of the slope depends on the viscosity of concrete and/or that of the LL 
in the first place [40,80]. Hence, it is plausible that the measurements show the steepest slopes of the 
P–Q curves for SCC, M2 and M2F which also exhibit highest values of plastic viscosity. The addition 
of fly ash as a partial replacement for cement improved pumpability by increasing the dynamic seg-
regation and therefore, the formation of LL and the reduction of pressure needed for a chosen flow 
rate, cf. Figure 42 and Table 9. The SCC mixture has the steepest slope of the P–Q curve. Based on 
the tribometer and Sliper tests SCC shows the “least” plug flow accompanied by the formation of a 
very thin LL, all due to the low yield stress of SCC. The low yield stress enables the shear stress from 
the wall to move deep into the concrete bulk, so affecting a larger pipe cross-sectional area than in 
the case of the ordinary concretes [104]. Hence, concrete plastic viscosity µ plays a stronger role than 
the yield stress τ0. The effect of the yield stress τ0 or the yield stress parameter τ0i can be observed to 
some extent at low flow rates: Higher values of yield stress lead to some shift in the initial values of 
the P–Q curves towards lower flow rate values. Despite that, a thin LL still forms at the pipe interface, 
which determines the concrete pumpability. Extrapolating the P–Q curves until they intersect the 
vertical axis would show that the SCC mixture needs the least thrust to start the movement of the 
concrete in the pipe since SCC shows the lowest yield stress values for both concrete and mortar, 
cf. Figure 40a. The thickness e of the LL in the tribometer tests exceed the one forming in the Sliper 
tests. The main reason might be the difference in the gap between the inner and outer cylinder in the 
tribometer tests is only 45 mm in comparison to the Sliper pipe, which technically speaking does not 
have a gap, but a diameter d = 126 mm. It is known that a larger gap between the two cylinders 
decreases the migration ratio. Thus, the flow-induced particle migration, as the crucial factor for the 
LL formation [61,171], seems to occur to a greater extent in the tribometer test. Another reason can 
be traced back to the procedure for collecting and interpreting the raw data from the two devices. 
Taking a glance at Figure 22c in Section 3.2, one can see that the descending curves resulting from 
tribometer tests are linearly approximated using linear regression lines with an upper cut-off at 
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0.50 rps, since only the linear behaviour of material is considered. It follows that at higher shear rates, 
cf. dashed line, the resulting viscosity parameter µi would decrease together with the computed slope 
of the P–Q curve. To what extent the both procedures depict the real LL formation is further discussed 
in Chapter 5. 
 
4.5 Summary 
The pumpability of concrete incorporates a series of aspects related to the rheological and tribological 
behaviour of fresh concrete, particularly to its ability to build a LL. In the present chapter, different 
laboratory tools used to characterise and quantify concrete pumpability are compared and attempts to 
combine them are reported. These devices should be combined to deliver a comprehensive view of 
the complex phenomena occurring in the pumped concrete and to understand how specific features 
can be optimised. The main findings can be summarized as follows: 
 The tribometer test is a reliable tool to estimate concrete pumpability from the perspective of the 
ability of concrete to build up a LL and (qualitatively) its thickness. The fresh properties of the 
LL can be directly compared with those of the bulk material measured with viscometer; 
 The tribological parameters should be computed while omitting any pronounced shear of the bulk 
since the shear should be exclusively concentrated in the LL. The plastic viscosity of concrete µ 
and in particular the viscosity parameter µi play together a dominant role regarding the 
pumpability of concrete moving through a pipe; 
 An increase in the roughness of the wall surface results in a steep increase in the magnitude of the 
tribological parameters. The difference in percentage for the computed increase in the required 
pressure reached up to 50 % in the investigation at hand; 
 The rheological properties of the LL alone are not enough to describe concrete pumpability. The 
rheological properties of the bulk measured with tribometer and viscometer should be additionally 
accounted for, as they determine the ability of concrete to form a LL; 
 In both Sliper and tribometer tests, once the lubricating material is formed, its thickness remains 
constant throughout testing. In a real pipeline, this could also be the case, since the 
sheared/pumped concrete is always replaced by fresh one compensating the losses in the e of the 
former. 
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5 Lubricating layer thickness and concrete flow 
 
5.1 General 
In this chapter, it is supported that knowledge of the actual thickness of the lubricating layer (LL), its 
rheological properties, and the flow type is sufficient to predict the pumping behaviour of concrete. 
First, the importance of LL formation is highlighted, and the related, previously published experi-
mental investigation methods are briefly presented. Furthermore, the flow type of concrete mixtures 
during pumping is assessed. The cementitious materials under investigation exhibit various principal 
flow types which are already defined at lower flow rates: Plug flow in the case of a flowable, strain-
hardening cement-based composite (SHCC), partial bulk shear in an ordinary concrete with round 
and crushed aggregates, and pronounced bulk shear in the cases of a self-compacting concrete (SCC) 
and a self-compacting mortar (SCM). To predict concrete pumpability an analytical and experimental 
methodology based on rheological tools is proposed. This combined technique quantifies the LL 
thickness e and is compared with simulation results using computational fluid dynamics (CFD). Fi-
nally, the prediction of pumpability is verified in small-scale pumping measurements. 
 
5.2 Mixture design parameters 
The experimental program was extended with additional seven cement-based mixtures, cf. Table 10.  
 
Table 10. Compositions of the cement-based mixtures under investigation. 
Material 
Density 
[kg/m3] 
Dosage [kg/m3] 
M1* M1-2F* M2* M2-2F* SCC* SCM SHCC 
CEM II/A-LL 42.5 N 3050 538 430 538 430 538 538 505 
Fly ash 2215 - 108 - 108 386 386 621 
Quartz sand 0.06/0.2 2650 197 197 197 197 146 125 536 
Quartz sand 0/2 2650 796 796 796 796 597 1150 - 
Quartz sand 2/4 2650 479 479 - - 292 - - 
Basalt split 2/5 2900 - - 508 508 - - - 
Water  1000 269 269 269 269 269 269 338 
PCE superplasticiser 1050 2.99 2.99 2.99 2.99 11.70 11.70 11.00 
PVA fibres, 2 % by vol.  - - - - - - - 26 
w/b18 - 0.50 0.50 0.50 0.50 0.29 0.29 0.30 
Vol. aggregates [%]19 - 56 56 56 56 39 39 20 
Vol. paste [%]11 - 44 44 44 44 61 61 80 
Slump flow [mm] - 520 570 510 570 885 790 620 
 
The names of the mixtures correspond to those in Chapter 4, but they are indexed with a “*” to indi-
cate that they are modified. The reference mixtures investigated in Chapter 4 were supposed to be 
                                                 
18 Including cement and fly ash 
19 Air content not considered 
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used in the small-scale experiments. However, a series of preliminary tests revealed some blockages, 
and the mixture compositions had to be adapted in part. Specifically, the coarse aggregates larger than 
5 mm are replaced by paste and finer aggregates. The latter are proportionally added to keep un-
changed the initial sieving curve up to 5 mm aggregate size. The modified compositions are referred 
to as “concretes”, whereby they correspond to “mortars” in the nomenclature of general building 
materials concerning their maximum aggregate sizes. The resulting increase in paste portion is 21 % 
by volume for SCC* and 15 % for any other composition. The variety of mixtures was widened by a 
self-compacting mortar (SCM) and a strain-hardening cement-based composite (SHCC), cf. for ex-
ample [81]. The rheological properties of fresh mixtures were measured with the ConTec 5 viscom-
eter and tribometer at the age of between 20 and 30 min after completion of mixing. The LL material 
was sampled by the method of wet-screening presented in Chapter 4. Further, concrete pumping 
behaviour was tested applying the Sliper device and small-scale pumping experiments, cf. Sec-
tions 3.3 and 3.7. 
 
5.3 Results and discussion 
5.3.1 Concrete flow type 
The primary results of the rheological and tribological tests are summarised in Table 11 No statistical 
analysis was implemented as each test is performed only once. The reliability of the methods and 
devices employed had been proven as to their trustworthiness in a series of previous stud-
ies [40,80,94]. The results include both bulk concrete properties and LL properties for the modified 
concretes. 
 
Table 11. Average rheological parameters for concrete and lubricating layer (LL). 
Mixture 
Concrete LL 
viscometer tribometer Sliper viscometer 
τ0 [Pa] μ [Pa·s] τ0i [Pa] μi [Pa·s/m] a [Pa] b [Pa·s/m] τ0LL [Pa] μLL [Pa·s] 
M1* 97 5.5 40.8 408.6 73.5 232.3 77.5 1.9 
M1-2F* 61 4.6 29.8 360.3 59.5 176.3 53.9 1.7 
M2* 97 5.8 36.9 538.6 80.0 266.5 86.7 2.0 
M2-2F* 71 4.8 29.8 427.3 83.5 189.9 60.0 1.9 
SCC* 31 24.1 6.8 1250.0 46.7 733.4 16.2 3.2 
SCM 37 27.8 17.4 1211.2 14.6 735.4 17.4 3.0 
SHCC 191 29.4 36.5 485.3 141.6 266.0 12.3 1.8 
 
Concrete flow can be characterised as a plug, shear, or a combination of both. Table 12 exemplifies 
the limit pressure and flow rate P1 and Q1, respectively that constitute the transition from plug to 
shear flow. These values were computed based on tribometer results under consideration of Sliper 
and pipeline geometries as in [32]. It follows that even at the lowest pumping pressures and discharge 
rates applied, all concretes (except SHCC) are partially sheared.  
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Table 12. Specification of the plug-shear flow limit. 
Mixture 
Plug/shear flow limit according to tribometer tests 
Sliper  pipeline  
P1 [kPa] Q1 [m3/h] P1 [kPa] Q1 [m3/h] 
M1* 1.5 5.8 18.2 0.4 
M1-2F* 1.0 3.9 11.5 0.3 
M2* 1.6 5.0 18.3 0.3 
M2-2F* 1.1 4.4 13.4 0.3 
SCC* 0.5 0.9 5.9 0.1 
SCM 0.6 1.1 7.0 0.1 
SHCC 3.0 14.3 35.8 0.9 
 
The reason for this is the small yield stress value of any of these concretes compared to the shear 
stress at the pipe wall. The shear rate in the LL is considerably higher since its yield stress is smaller 
than that of the bulk concrete and due to the position of LL at the pipe wall. Therefore, the velocity 
profile of these concretes is composed of a small plug in the centre of the pipe, a LL adjacent to the 
wall and a rather thin but intensely sheared concrete in between, whereby the dimensions of these 
zones depend on the flow rate. The transition from plug to shear type flow takes place at the low flow 
rates of Q1 < 6 m
3/h in Sliper and Q1 < 1 m
3/h in the pipeline. Accordingly, the concrete flow is 
categorised as shear type. This finding represents a prerequisite for choosing the right approach to 
reliably predict the P–Q relation for flow rates exceeding the operating range of the employed device. 
In full-scale pumping, the imposed flow rate Q easily surpasses 10 to 15 m3/h [17,74]. 
 
5.3.2 Prediction and verification of pumping pressure 
A comparison of the results, including the pumping pressures for specific flow rates obtained from 
three different methods, is given in Figure 43. If the tribometer device or Sliper is used, the P–Q 
results can only be predicted and not directly measured. Thus, the flow behaviour of the mixtures is 
assumed to be either of the plug or shear types. 
The results obtained were directly compared with Sliper outcomes, cf. Figure 43a. The pressure pre-
diction by tribometer for either plug or shear flow cases shows an excellent correlation with Sliper 
results (R2 = 0.97 and R2 = 0.98). However, the plug flow approach overestimates the pumping pres-
sure by more than 50 % (y = 1.59x) if the prediction on the basis of Sliper results is taken as a 
reference, meaning that the concretes exhibit shear flow types (y = 0.98x). Following a similar pro-
cedure, the values of tribometer are correlated to results obtained from the small-scale pumping tests. 
The geometry parameters, i.e., pipe length and diameter, are adjusted to the small-scale pipeline. For 
Sliper, the procedure described in [18] was implemented. The correlation factors of 0.87 and 0.76 for 
Sliper vs. pipeline and tribometer vs. pipeline are statistically significant and demonstrate that both 
devices reliably predict the pumping pressure, cf. Figures 43b and 43c. 
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a)  b) 
 
 
c)   
Figure 43. Comparison of the pressure predictions obtained by different methods: a) tribometer vs. Sliper 
for flow rates values Q of 20, 30, 40 and 50 m3/h, b) tribometer vs. pipeline, c) Sliper vs. small-scale pipeline. 
 
The pipeline diameter is smaller than the lateral gap between inner and outer geometries in tribometer 
and Sliper pipe diameter (36 mm < 45 mm < 126 mm). The resulting shear rate at the concrete-wall 
interface is distinctly higher in the pumping line than in the other two devices. Especially in the LL 
the shear rate increases dramatically and reaches its maximum [72]. The variations of the shear rate 
in the devices as a function of e are reported in Table 13, with highest values for the pipeline. 
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Table 13. Shear rate range in the lubricating layer (LL) of different thickness e in tribometer, Sliper and pipe-
line. 
Device 
Shear rate [s-1] 
e = 1 mm e = 5 mm 
Tribometer 50–400 10–75 
Sliper 200–600 40–130 
Pipeline 350–1000 50–400 
 
It can be clearly seen that the shear rate decreases with increasing e. Due to high shear rate values, 
such processes as hydrodynamic energy dissipation and flow-induced particle migration strongly 
localise at interfaces [146] and consequently are more pronounced in the thin pipeline [72]. As dis-
cussed below, the higher shear rate in the pipeline seems to be “compensated” by thicker LL in com-
parison to Sliper and tribometer, cf. Section 5.3.3. As a matter of fact, the shear and the wall effect 
induced heterogeneities can reach an order of 3 to 5 % of average particles volume variation during 
pumping for typical concretes [146]. 
 
5.3.3 Quantification of lubricating layer thickness 
In Figure 44a one can read the LL values which were determined using the experimental and analyt-
ical methods described in Section 3.6. The purpose of these measurements and calculations is to 
capture potential changes in the LL thickness e in the plug region (Tribo-1) and in the shear region 
(Tribo-2/XX, XX = flow rate in [m3/h]). A further goal is to check the assumption that the thickness 
of LL remains constant as soon as it is fully formed [32,35]. The boundaries between the two flow 
regimes, plug and shear, are represented in Figure 44b based on the P1–Q1 values from Table 12. 
 
  
a) b) 
Figure 44. a) Variation of the LL thickness e as a function of flow rate Q and flow regime (plug or shear); 
b) flow pattern and P–Q relationship determined with tribometer. 
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The notations Tribo-2/10, Tribo-2/30 and Tribo-2/40 refer to the shear flow type for a flow rate Q 
equal to 10, 30 or 40 m3/h and the corresponding pumping pressure P. The results depict that for the 
tribometer the e varies from less than 2 mm to 8.5 mm, depending on concrete type and flow rate. 
The e reaches a maximum for M1-2F* and a minimum for SHCC followed closely by SCC* and 
SCM. It shows lower values in the plug region and starts to increase after reaching the sheared region 
with Q = 10 m3/h (Tribo-2/10). A further increase in the flow rate has a diminishing effect on LL 
formation. It is the case for the flow rates Q = 30 m3/h (Tribo-2/30) and Q = 40 m3/h (Tribo-2/40), 
both showing reduced e in comparison to the values corresponding to Q = 10 m3/h. The LL reaches 
its minimum in the shear flow regime at a flow rate of 40 m3/h. It follows that the e is inversely 
proportional to the applied pumping pressure, while concrete pumpability is known to improve with 
increasing thickness of the LL. For the SCC* and SCM mixtures, both with a very thin LL, once 
formed its thickness remains constant. The e calculated with the Sliper-0 method shows the same 
tendency depending on the concrete type with values between 2 and 9 mm as in the case of tribometer, 
cf. Figure 45a. 
 
  
a) b) 
Figure 45. LL thickness e in a) Sliper and b) pipeline. 
 
Figure 45b depicts the e determined for the pipeline using Equation 35 and the CFD model, respec-
tively. The pressure values correspond to a flow rate Q of 2 m3/h. The e varies linearly with the 
pumping pressure, which is similar to the linear dependence of pressure loss on the flow rate in the 
pipeline for saturated concretes [11,32]. The results of the simulations are in agreement with the pre-
diction by the analytical approach. A decrease in pipe diameter from 126 mm (Sliper) to 36 mm in 
pipeline leads to an increase in pressure in the pipeline by order of magnitude, cf. Figures 45a and 
45b. The e ranges between 4 mm and 8.5 mm, hence being slightly larger than that in tribometer and 
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Sliper. Quite logically, the smaller the pipe diameter, the larger is the shear rate. The high shear rates 
in the pipes result in a change in rheological properties of the mixture due to structural breakdown. 
However, the coarse particles cannot be “compacted” infinitely. It is evident that e reaches its maxi-
mum as soon as the particle migration equilibrium is reached. The flow-induced particle migration 
stops when the local particle volume fraction in the inner pipe region is high enough to reach the 
random loose packing fraction value allowing for a percolated network of contacts between particles 
(maximum packing fraction) [97]. The LL has a precise contour in ordinary concretes and is almost 
absent in the case of special concretes such as SCC*, SCM and SHCC, cf. Figures 46a and 46b. The 
largest e is observed in M1-2F* followed by M1*, M2-2F*, M2* and the SCC* with SCM. SHCC 
exhibited the lowest e. 
 
 
 
a) b) 
Figure 46. Formation of LL in Sliper for a) ordinary concretes and b) high-performance concretes under 
investigation. 
 
Due to its special composition, SHCC can only build up a very thin LL, which is thinner than the 
limit of detection in the present experimental assessment [81]. Hence, the rheological properties of 
this layer at the interface cannot be computed accurately with respect to plastic viscosity μLL of LL 
and its yield stress τ0LL because the material cannot be experimentally extracted in sufficient amounts 
to perform the respective test. Thus, only the direct techniques, Tribo-0 and Sliper-0, were used. 
Finally, it should be stated that the two methods denoted as Tribo-0 and Sliper-0 consider the rheo-
logical properties and e is assumed to be constant and independent of the flow rate or flow regime. 
The values obtained are very similar to those yielded by the other methods. The LL thickness had 
values in the range between a few and 9 mm, which is consistent with previously published results 
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[32,35]. This approach can only be applied under the assumption that the LL is completely formed 
and its rheological properties remain constant during pumping. 
 
5.4 Summary 
Chapter 5 proposes and discusses a new approach in determining LL properties and the flow type of 
concrete in the pipeline. This approach is based on previous models [32] and enables an analytical 
determination of e. The LL is qualitatively described, and its thickness quantified. The formation of 
LL depends on concrete composition. Various types of fine-grain concretes are investigated, while 
the effects of flow type, flow rate and pipe geometry are analysed. Finally, the pumping behaviour 
predicted based on the data obtained from tribometer and Sliper tests is validated by pumping tests in 
a laboratory-scale pipeline. The conclusions of the present study are: 
 The formation of a LL in the pipe can directly be interpreted as a sign of pumpability. LL thickness 
e takes values in a range between a very few and 9 mm, depending on concrete composition, pipe 
geometry and pumping pressure; 
 The flow in the pipes can be considered to take place in a mixed plug-shear regime, except for 
SHCC, whose movement can only be characterised as plug flow; 
 The plug flow approach proposed in [32] can be applied in any case for the estimation of pumping 
pressure since the predicted values conservatively exceed actual pumping pressure. However, in 
the present study the pumping pressure overestimation climbs to values as high as 50 % in 
comparison to the partial shear flow approach, which might lead to economically unfeasible 
solutions if such predictions are accepted uncritically; 
 The flow type of concretes can be experimentally determined by choosing one of the equations 
describing plug or shear flow and comparing the P–Q results from tribometer to those obtained 
from Sliper; 
 The simple bi-viscous material approach combining the Bingham and Newtonian models 
accurately predicts LL formation; and  
 The experiments, analytical work, and numerical simulations prove the importance of LL for 
concrete pumpability. 
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6 Full-scale pumping experiments 
 
6.1 General 
This chapter analyses various laboratory tools for the estimation and prediction of concrete pumpa-
bility. For this purpose, instrumented full-scale pumping experiments were performed simultaneously 
with rheological tests on fresh concrete before and after pumping. The predicted and actual pressure-
flow rate curves were chosen for comparison as “quantities” for pumpability description. It is shown 
that the prediction capacity of the proposed methods delivers reliable results. The limitations of the 
applied devices are discussed. The developed computational fluid dynamics (CFD) model is applied 
on the full-length of the pipeline and compared with the experimental results: Depending on the type, 
ordinary or self-compacting, concretes show either predominantly plug or shear flow. The results are 
compared with the existing nomogram for the determination of pumping parameters. The nomogram 
in its actual form fails to predict the necessary pumping pressure for flowable concretes and SCC. Its 
prediction capacity is importantly increased by replacing the slump and flow table values with vis-
cosity parameter measured by means of rheological instruments.  
 
6.2 Mixtures and design parameters 
The concrete mixtures were purposefully developed for full-scale pumping experiments together with 
the involved industry partners. The mixtures were chosen according to their consistency and rheolog-
ical properties, yield stress and plastic viscosity, to show various flow behaviours: predominantly 
plug flow for ordinary concretes or shear flow for highly flowable concretes and SCC. The composi-
tion of the mixtures is summarised in Table 14. Each mixture was given a specific name: 
 M1 and M6 mixtures represent ordinary concretes with gravel or split as coarse aggregates; 
the mixtures have consistency classes of F4 and F3, respectively, according to [109]; 
 SCC, self-compacting concrete with an increased amount both of paste and superplasticiser 
to reach a slump flow diameter larger than 600 mm according to [195]; 
 FRC mixture represents flowable concrete reinforced with steel fibres. 
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Table 14. Matrix composition of concrete mixtures. 
Material 
Density 
[kg/m3] 
Unit mass [kg/m3] 
M1 M6 SCC FRC 
CEM III/A 42.5 N 3075 360 360 360 360 
Fly ash 2200 - - 220 240 
Sand 0/2 2650 781 781 667 655 
Sand/gravel 2/8 2650 508 508 434 427 
Gravel 8/16 2650 526 - 450 442 
Split 8/16 2750 - 546 - - 
Steel fibres 7850 - - - 27.5 
Water 1000 180 180 180 180 
HRWRA 1040 2.88 2.88 5.51 6.90 
w/b [-] - 0.50 0.50 0.31 0.30 
Vol. aggregates [%]  - 69 69 59 58 
Design strength [-]20 - C45/55 C45/55 C55/67 C75/85 
Flow table, slump flow [mm] - 53021 46021 67322 54322 
Air content [%]23 - 1.40 0.90 2.00 2.20 
Density [kg/m3]17 - 2370 2430 2270 2320 
 
It should be remarked that these mixtures, including M1 and SCC, are distinct from the concretes 
presented in Chapters 4 and 5 since different materials were used. The detailed description of the 
materials is provided in Appendix A. Each concrete mixture was prepared at a ready-mix station in 
three replicate batch volumes of 1.5 m³. The step was necessary because a total volume of 4.5 m³ was 
required for the pumping experiments, but the mixer at the concrete plant could only produce 1.5 m³ 
at one time. Each batch was immediately unloaded into a ready-mix truck for homogenisation and 
transport to the site of the pumping experiments. The time zero t0 [s] was considered the time of the 
first batch production. 
Rheological testing was performed inside a fully-equipped warehouse on each concrete delivered by 
the truck as well as on the pumped concrete which was released from the duct. The climatic conditions 
were (20.5 ± 3.3) °C temperature and relative humidity of (69.2 ± 3.7) %. The tests were completed 
by a precisely defined procedure within a given time span. The results presented here refer to the 
early age of fresh concrete not exceeding 50 min. During testing, the mixtures remained stable 
regarding bleeding and segregation, thus fulfilling the basic requirement before proceeding with the 
main experiments. Further results are presented in Chapters 8 and 9.   
                                                 
20 According to [203] 
21 Flow table 
22 Slump flow 
23 According to [109] 
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6.3 Results and discussion 
6.3.1 Pressure loss and pressure-flow rate curves 
The representative pressure variations for the mixtures under investigation are illustrated in Figure 
47a. The linear decrease in pressure demonstrates that the concrete flow regime is laminar in both 
pipeline sections DN125 and DN100 [32]. A comparison between the pumping pressures determined 
in the full-scale experiments is depicted in Figure 47b in terms of P–Q relationship.  
 
  
a) b) 
Figure 47. a) Pressure measured in the pipeline with sensors P1-P8 for a flow rate Q = 22±1 m3/h; b) cor-
responding P–Q curves. 
 
Among the mixtures, M1 and M6 with rounded and crushed aggregates, respectively, show the 
steepest slope of the P–Q curve corresponding to better pumpability. The flowable mixtures FRC and 
SCC have the steepest slope of the P–Q curve, thus, the lowest pumpability. Based on the tribometer 
and Sliper tests, both SCC and FRC show higher values for the viscosity parameters, b and μi in 
comparison to other concretes under investigation. Obviously, these two parameters are more reliable 
for quantifying concrete pumpability than the plastic viscosity of the core concrete determined with 
viscometer [59], cf. Table 15. 
 
Table 15. Rheological parameters of concretes used in full-scale pumping tests. 
Device Parameter 
M1 M6 SCC FRC 
Bulk24 LL Bulk LL Bulk LL Bulk LL 
Viscometer 
Plastic viscosity μ [Pa∙s] 30 - 31 - 36 - 43 - 
Yield stress τ0 [Pa] 112 - 275 - 18 - 24 - 
Tribometer 
Viscosity μi [Pa∙s/m] - 944 - 774 - 2349 - 2452 
Yield stress τ0i [Pa] - 48 - 74 - 11 - 16 
Sliper 
Viscosity b [Pa∙s/m] 587 - 600 - 935 - 1222 - 
Yield stress a [Pa] 141 - 217 - 21 - 73 - 
                                                 
24 Concrete bulk 
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6.3.2 Numerical simulation results 
In order to apply the model on the real pipeline, it was calibrated with the LL thickness e based on 
the experimental results with Sliper, cf. Figure 48.  
 
  
a) b) 
  
c) d) 
Figure 48. Calibration of the CFD model with LL thickness e determined according to Sliper results for 
the investigated concrete mixtures a) M1, b) M6, c) SCC and d) FRC. 
 
The possible range of e values was set between 2 and 8 mm for the CFD simulations, i.e., within the 
previously reported range in the literature [7,18,33,35]. The outcome of such a simulation was P–Q 
curve. The “exact” e was determined by curve fitting (in the least-squares sense) of the P–Q results 
from Sliper: eM1 = 8 mm, eM6 = 6 mm, eSCC = 2 mm and eFRC = 2 mm. Higher or lower e for each of 
concrete mixture would underestimate or overestimate the necessary pressure for a flow rate. 
The calibrated model was then applied to the full-scale pipeline to simulate the concrete behaviour 
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under the consideration of the actual boundary conditions. For the chosen concretes, it was expected 
that the resulting velocity profile would be either of the plug or shear types 
The calculated velocity profiles are depicted in Figure 49; they correspond to a flow rate of Q = 30 
m3/h. It can be seen that for all the mixtures the flow type is a combination of plug and shear. The 
regions of flow types, plug or shear, are represented schematically based on the intersection between 
the two tangential lines red (shear) and black (plug) on the velocity profiles. The purpose of this 
simplified representation is to illustrate and emphasise the considerable impact of smaller pipe diam-
eter on the material flow behaviour including high shear deformations in the concrete core, cf. Fig-
ures 49a and 49b with Figures 49c and 49d. In case of M1 and M6 in the larger pipe (DN125) the plug 
flow region is the largest. Due to the elevated yield stress value of the core concrete, the shear defor-
mations from the pumping pressure concentrate at the pipe interface in the LL with an estimated 
thickness of 8 and 6 mm for M1 and M6, respectively. The opposite is valid for SCC and FRC: Both 
concretes show very pronounced shear flow behaviour due to the low yield stress of the concrete core. 
The shear deformations induced by pumping pressure surpass the LL with a thickness of e = 2 mm 
affecting a large portion of the concrete bulk. In the smaller pipe (DN100) all the mixtures show a 
tiny plug region only, cf. Figures 49c and 49d. The higher resulting shear rate affects an extensive 
zone of deforming concrete and exhibits a dominating shear flow type. 
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a) b) 
  
c)  d) 
Figure 49. Velocity profiles in the pipeline cross-section for concretes obtained from CFD simulations for 
pipe diameters a), b) DN125 and c), d) DN100. 
 
6.3.3 Pressure prediction using modified nomogram 
Obviously, the viscosity parameter is more appropriate to describes the flow resistance of concrete in 
comparison to the previously used slump or flow table values [18,39]. Figure 50 illustrates the the 
adapted nomogram for determination of pumping parameters extended by the viscosity parameter 
b [65,197]. The same nomogram without the example of calculating pumping parameters is available 
in Appendix C. 
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In this practical approach, a central role is played by the parameter b, which dominates the pumping 
pressure P [Pa], according to Equation 39: 
3
16 
 
L Q
P b
π D
 (39) 
with D pipe diameter and L pipe length. The parameter b, which is a material characteristic replaces 
the flow table results in the fourth quadrant previously used for ordinary concretes [12]. The viscosity 
parameter b is experimentally measured with the Sliper device and by performing some 
transformations, cf. Section 3.3. It is worth mentioning that the influence of the yield stress parameter 
a has been neglected in the nomogram. However, based on the additional full-scale experiments 
presented in Chapter 3 it will be demonstrated that the a parameter cannot be ignored anymore for 
stiff mixtures with a flow table spreading ≤ 400 mm. It is reasoned by the fact that the yield stress is 
significantly high and must be added to the computed pumping pressure. With other words, the 
position of the P–Q curve is shifted by the value of the additional pumping pressure resulting from 
the yield stress. Therefore, the present nomogram can be applied for the determination of the pumping 
pressure for concretes without considering the necessary initial push to initiate the flow, i.e., 
overcome the resistance due to yield stress. Extrapolating the P–Q curves until they intersect the 
vertical axis show that especially ordinary concretes need thrust to start the movement in the pipe, cf. 
Figure 47b. For the sake of clarity, an example is provided for the determination of pumping pressure 
of SCC mixture as a function of flow rate using the input data from Table 16. 
 
Table 16. Input parameters for nomogram for SCC mixture. 
Q [m3/h] 
Viscosity parameter b 
[Pa∙s/m] 
Section DN125 Section DN100 
P1+P2 
[bar] 
Engine 
power N 
[kW] 
Length 
L1 [m] 
Pressure 
P1 [bar] 
Length 
L2 [m] 
Pressure 
P2 [bar] 
15 
935 79 
8 
75 
16 24 14 
25 14 25 39 33 
50 28 48 76 152 
 
If a 90° bend is present in the circuit, it is assumed to correspond to an equivalent length of a 3 m 
long straight pipe [12,49]. Both Kaplan [51] and Chapdelaine [54] stated that for the ordinary con-
crete the bends do not cause any additional pressure loss corresponding to the length of a straight 
section and the P–Q relation is strictly linear. However, Feys et al. [17] argued the validity of this 
assumption for SCC reporting the opposite and referring to the shear-thickening behaviour of the 
concrete. Further discussion follows in Chapter 8. 
 
6.3.4 Comparison between predicted and actual pressure-flow rate curves 
The experimental tools and the nomogram applied in this research to predict the pumping pressure of 
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four types of concrete were successfully verified based on real results from full-scale pumping ex-
periments, cf. Figure 51. 
  
a) b) 
  
c) d) 
Figure 51. Comparison of P–Q determined by different experimental and computational tools and full-
scale pumping for concrete mixtures a) M1, b) M6, c) SCC and d) FRC. 
 
The employed methods including Sliper, nomogram and tribometer delivered fairly accurate results 
for P–Q curve within the range of flow rates measured in the real pipeline, cf. Table 17.  
 
Table 17. Accuracy of predicted pressure for a flow rate Q = 30 m3/h according to the full-scale experiments. 
Mixture 
Accuracy in [%] 
Sliper Tribometer CFD model Nomogram 
M1 95 70 61 92 
M6 80 93 67 92 
SCC 98 92 73 97 
FRC 96 86 83 95 
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All the used methods overestimate the pumping pressure: It seems that during pumping the viscosity 
of the material decreases [59]. The concrete may undergo thixotropic and structural breakdown cor-
responding to the elevated shear rates in the pipes [150] implying a lower needed pumping pressure 
than predicted based on the tests with relatively low shear rates. Although a very promising tool, the 
simulations with CFD model overestimate the pumping pressure with up to 39 %. The model is based 
on the rheological parameters from the tribometer and viscometer. Besides, the LL thickness is cali-
brated based on Sliper results. Since both abovementioned methods tend to overestimate the pressure, 
it seems plausible that the model does the same. By including the effects of pressure pulse from the 
pump and especially of the particle migration [67,72] into the model, it can be expected to increase 
the accuracy of the estimation. 
 
6.4 Summary 
This chapter discusses the development of practicable and easy-to-use methods for a reliable estima-
tion of concrete pumpability. The methods proposed herein were verified in full-scale pumping ex-
periments using four specific concretes showing different flow behaviour: two ordinary concretes, a 
flowable fibre reinforced concrete and a SCC. This investigation allows the author to recommend the 
adoption and use of the methods under consideration of their limitations. From the results and analy-
sis, it can be concluded that: 
 The proposed methods tend to overestimate the pumping pressure within the accuracy range of 
2-30 %. The results are very encouraging since the processes occurring in the pipeline can only 
be conditionally reproduced in small experiments; 
 Sliper and the nomogram for estimating pumping parameters deliver trustful prediction for 
concrete pumpability, only slightly overestimating the pumping pressure; 
 Sliper overestimates the initial needed thrust to initiate the concrete flow. The adapted nomogram 
does not consider the initial thrust and is applicable for concretes with low yield stress, i.e. 
flowable concretes and SCC; 
 In case of varying diameter, the total pressure can be computed using the nomogram as the 
summation of the pumping pressures determined for each pipeline section with distinct diameter; 
 The CFD model is a powerful instrument for the investigation of the velocity of concrete and 
pressure fields in the pipeline and can be applied for the prediction of material behaviour during 
pumping. By including the effect of pressure pulse from the pump and particle migration into the 
model, a considerable increase in its accuracy can be expected; 
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 LL thickness e can be established with the CFD model. For this purpose, the rheological properties 
of concrete bulk and LL assessed with viscometer and tribometer are assigned to the model. In a 
final step, the model is calibrated with the experimental results from Sliper.
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7 Effect of pumping on fresh properties of concrete and filtrate formation 
 
7.1 General 
Pumping of concrete through pipelines induces high shear rates that exhibit a pronounced effect on 
its fresh properties. The present chapter continues the discussion on full-scale pumping by addressing 
the changes in rheological properties of concrete with the focus on lubricating layer (LL) formation. 
The performed full-scale pumping experiments were carried out on ready-mix concrete accompanied 
by the state-of-the-art rheological tests. It also led to an increase in the air content, which contributed 
to a decrease in viscosity of fresh concrete. The dynamic loading from pumping generates a pressure 
gradient in concrete over the pipe cross-section. The pressure gradient is assumed to facilitate the 
movement of lubricating material to the concrete-wall interface, completing the formation of LL. This 
postulate is based on the experimental evidence obtained by a portative high-pressure filter press 
(PHPFP) and the extracted filtrate. A volumetric interpretation of the filtrate pressed out of concrete 
and its substantial impact on LL formation and improvement of concrete pumpability is presented. 
The amount of filtrate depends on the specific surface of the fines, on concrete bulk viscosity, and on 
chemical admixtures. Finally, an increase in concrete temperature is observed depending on the 
concrete’s composition and the properties of the LL. 
 
7.2 Mixtures design parameters 
The nine concrete mixtures referred in this chapter were designed for the full-scale pumping experi-
ments. The detailed concrete composition can be found in Table 18.  
 
Table 18. Matrix composition of concrete mixture used in full-scale pumping experiments 
Material 
Density  Dosage [kg/m3] 
[kg/m3] M1 M2A M2B M2C M5A M5B M10A M10B SCC  
CEM III/A 42.5 N 3075 360 310 310 310 360 360 360 360 360 
Fly ash 2200 - 50 50 50 - - 120 120 220 
Sand 0/2 2650 781 781 781 781 735 735 724 724 667 
Sand/gravel 2/8 2650 508 508 508 508 479 479 471 471 434 
Gravel 8/16 2650 526 526 526 526 496 496 488 488 450 
Steel fibers 7850 - - - - - - - - - 
Water 1000 180 180 180 180 180 180 180 180 180 
HRWRA 1040 2.88 2.88 2.50 3.60 2.88 2.52 5.04 4.08 6.06 
AEA 1050 - - - - 1.80 1.80 - - - 
w/b [-] - 0.50 0.50 0.50 0.50 0.50 0.50 0.38 0.38 0.31 
Vol. aggregates [-] - 69 69 69 69 65 65 64 64 59 
Vol. paste [l/m3] - 300 306 306 307 302 301 356 356 402 
 
Each mixture was given a name, e.g.: 
 M1 (reference mixture) and SCC have the same composition as in Chapter 6. M1 refers to 
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ordinary concrete and SCC to a self-compacting mixture with an increased amount of paste 
and superplasticiser (SP); 
 M2A-M5B, ordinary concretes; 
 M10A and M10B, flowable concretes with raised paste and SP contents, also classified as 
high-performance concretes (HPC). 
 
The physical and chemical characteristics of the cement and fly ash are summarised in Table 19. 
Accordingly, the cement has a significantly higher density and specific surface in comparison to fly 
ash. 
 
Table 19. Physical and chemical characteristics of the cement and fly ash. 
Type 
Den-
sity 
[kg/m3] 
Blaine 
fineness 
[cm2/g] 
Chemical composition [%] 
SiO2 Al2O3 Fe2O3 CaO MgO SO3 K2O Na2O Cl 
CEM III/A 42.5 N 3075 4780 22.50 6.66 2.40 53.20 4.79 3.08 0.82 0.24 0.08 
Fly ash 2200 3000 47.50 26.00 11.50 1.00 - - - - - 
 
The parametric study included a variation of w/b and paste content, cf. Figure 52. Mixtures M2A, 
M2B, M2C, M10A and M10B were compared in analysíng the influence of the amount of HRWRA 
on concrete stability. Mixtures M5A and M5B were selected to investigate the effect of air-entraining 
agent (AEA); the designed entrained air content is 5 %. The concrete was produced and inserted into 
the pipeline as described in Section 6.2. 
 
  
a) b) 
Figure 52. Parameters under investigation a) water-to-binder ratio (w/b) vs. binder content and b) paste 
content vs. aggregate content. 
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7.3 Influence of pumping on properties of fresh concrete 
The results from the rheological tests are summarised in Table 20. They are yield stress and viscosity 
related parameters as determined using the rheological devices, cf. Sections 3.2 and 3.3. 
 
Table 20. Rheological parameters of fresh concrete before (left columns) and after pumping (right column). 
Mix. 
Concrete bulk Lubricating layer (LL) Sliper 
Yield stress τ0 Viscosity μ Yield stress τ0i Viscosity μi Yield stress a Viscosity b 
[Pa] [Pa∙s] [Pa] [Pa∙s/m] [Pa] [Pa∙s/m] 
M1 112 324 30 14 48 152 944 710 141 381 587 305 
M2A 99 252 22 15 20 91 737 522 213 157 326 404 
M2B 148 356 17 13 56 153 591 531 200 299 380 303 
M2C 133 319 20 12 35 125 530 536 131 229 306 216 
M5A 64 206 11 8 26 106 531 578 156 190 235 272 
M5B 155 329 19 13 54 124 927 982 108 250 573 457 
M10A 114 404 36 15 94 126 1283 1136 97 309 689 471 
M10B 262 460 31 15 65 140 1438 1164 193 270 942 630 
SCC 18 332 36 18 11 108 2249 1557 21 265 935 747 
 
The plastic viscosity μ and the yield stress τ0 are those of the concrete bulk. The viscosity parameters 
μi and b and the yield stress parameters τ0i and a describe the properties of the lubricating layer be-
tween the concrete and the pipe wall. In all mixtures, the viscosity parameters of both the concrete 
bulk and the lubricating layer decreased due to pumping. The only exceptions are M2C, with a higher 
SP content in comparison to M2A and M2B, and the mixtures containing AEA, i.e., M5A, M5B. For 
these mixtures the viscosity parameters μi and b slightly increased. The formation of filtrate material 
is considered to reduce the magnitude of the rheological parameters of the LL as measured with tri-
bometer or Sliper. The increase in the viscosity parameter corresponds to a very pronounced decrease 
in filtrate amount for the pumped concrete containing AEA (left column) in comparison to the same 
mixture before pumping, cf. Section 7.5. On the other hand, yield stress parameters τ0, τ0i and a sig-
nificantly increased also for the mixtures containing AEA. In other words, all concretes became stiffer 
upon being pumped. The sharp increase in yield stress manifested in the form of a drop in slump flow 
or spread table flow, has been reported previously [23,64]. One explanation for such behaviour may 
be a temperature increase during pumping, cf. Table 21. An increase of concrete temperature by three 
degrees Kelvin for ordinary concretes and up to eight degrees Kelvin for HPC during the 24 min of 
dwell time of the material in the circuit indeed accelerate the cement hydration which results in a 
significant rise of the yield stress. 
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Table 21. Results of slump flow, flow table and other conventional tests on fresh concrete before (left columns) 
and after pumping (right column). 
Mix. 
Flow table, slump 
flow* [mm] 
Air content [%]  Density [kg/dm3] Temperature [°C] 
M1 530 430 1.4 4.2 2.37 2.27 22.5 26.2 
M2A 615 495 1.3 3.7 2.39 2.30 20.5 23.3 
M2B 565 470 1.2 2.2 2.40 2.31 25.5 28.5 
M2C 605 480 0.8 2.6 2.39 2.31 27.5 32.5 
M5A 640 530 3.7 5.1 2.30 2.25 23.8 25.7 
M5B 490 510 4.9 5.1 2.30 2.26 20.0 24.9 
M10A 655 435 1.5 2.7 2.38 2.31 21.5 27.0 
M10B 485 430 2.1 2.8 2.35 2.30 23.0 31.0 
SCC* 673 318 2.0 2.9 2.28 2.28 23.0 28.1 
 
Opposite to the increase in yield stress upon pumping, the magnitude of the viscosity parameter μ of 
the bulk concrete decreased for all mixtures. The values of the corresponding viscosity parameters μi 
and b of the lubricating layer decreased for the mixtures M1, M2A, M2B, M10A, M10B and SCC 
whereas they increased for the M2C, M5A and M5B, cf. Table 20. From this experience, it is known 
that increase in the air content leads to decrease in the viscosity parameters [22,23,104]. Such a rela-
tionship is observed for the mixtures M1, M2A, M2B, M10A, M10B and SCC for all viscosity related 
values but, interestingly, are not valid for M2C, M5A and M5B concerning the viscosity of LL, 
cf. Table 21. Furthermore, it is worth noting that the viscosity parameter in the bulk concrete changed 
more pronouncedly than those of LL. The increase in air content is attributed to the pipeline geometry, 
with no sections that might cause free fall of concrete as well as the incomplete filling of the pump 
pistons by about 50 % independent of the mixture type, cf. Section 8.5. It means that the pistons by 
default mechanically induce air into the mixture. Such additional air is lost during pumping, espe-
cially in steep pipelines where concrete “free fall” on site occurs [49]. However, this type of “free 
fall” is not a part of the pipeline setup in the research at hand. That the effect of air content in concrete 
had much less effect on the viscosity parameters of LL can be probably traced back to high shear 
gradients in this layer which “expel” air bubbles towards the less sheared concrete bulk. Further in-
vestigations are needed to describe the exact mechanisms behind the effect of air content on pumping 
behaviour and that of pumping on air content. 
 
7.4 Influence of concrete properties on kinetics of filtrate formation 
Figures 53a and 53b show the effect of the specific surface of fines on the filtrate amount pressed out 
of concrete before and after pumping. As a general trend, the filtrate amount decreased in inverse 
proportion to the specific surface area of the fines. The mixtures in the ellipse are CVC; they differed 
only slightly in the total surface area due to cement replacement by fly ash. 
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a) b) 
Figure 53. Dependence of filtrate amount on the specific surface of fines for concretes a) before and b) af-
ter pumping. 
 
By comparison, such replacement increased the filtrate amount for the constant water content in the 
initial system, cf. the mixtures M1 and M2A. It is not surprising considering different water demand 
of cement and fly ash particles due to the differences in the particle shape [27], the effect of which 
cannot be appropriately captured by Blaine measurements. The actual effect of HRWRA on the dis-
persion degree of fine particles can only be partially considered unless the particle surfaces are fully 
saturated. In this case, the fine particles would decant as sediment [123], and the mixtures would 
become very unstable, which does not occur frequently. Therefore, the available total surface area of 
the fines is unknown. Nevertheless, the mixtures belonging to the group CVC have a noticeably lower 
total surface area of fines (due to the lower fines content) than HPC mixtures. Thus, a general trend 
can be well seen. For example, in comparison to CVC mixtures significantly lower filtrate amounts 
are released by the mixtures M10A, M10B and SCC upon applying the pressure in the PHPFP. Here, 
the filtrate amounts pressed out of M2A, M2B and M2C are dominated by the HRWRA dosage. 
Among them, M2C, with the highest HRWRA dosage, “generated” the highest filtrate amount. On 
the other end, M2B yielded the lowest amount of filtrate, corresponding to the lowest HRWRA dos-
age. Obviously, by increasing the dosage of HRWRA at a constant water content in the mixture, the 
percentage of the “rheologically effective” water also increases. At the same time, the highly disper-
sive effect of the HRWRA also increases the “active” surface area of fine particles in the mixture and, 
subsequently, the amount of adhesively bound water [198]. However, the amount of water released 
from agglomerates is greater than the amount of adhesively bound water on the surface of the parti-
cles. Even so, the amount of filtrate yielded by M2B is higher than that released by the M1 mixture 
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with slightly higher HRWRA content. Obviously, the cement replacement by fly ash at a dosage of 
10 % could “overcompensate” the effect of a lower HRWRA content, due to the lower specific sur-
face of the fly ash and thus higher amount of “free” water is available in the mixture; see also the 
comments above. Regarding M5A and M5B, a beneficial effect of adding air-entraining agent on the 
filtrate amount can be seen in comparison to the reference mixture. While showing the highest filtrate 
amount, the mixture M5A is prone to bleeding but remained pumpable. It seems that, in addition to 
HRWRA, AEA as well exhibited a fluidising effect that caused some bleeding. Since the mixture 
barely reached an air content of 3.7 %, it is decided to modify M5A by decreasing the amount of 
HRWRA and denominate it as M5B. The result is a more stable mixture with an initial air content of 
5 %. Analysing the case of the pumped mixtures, for the CVC the filtrate amount decreased in com-
parison to the same mixtures tested before pumping, while the opposite is the case for the concretes 
with higher content of fines. When pumped the mixtures M10A, M10B and SCC changed their con-
sistency from “sticky” to rather “stiff”, which “allowed” the filtrate to move within the system. Con-
sequently, the filtrate retention in these concretes decreased in the course of pumping. The filtrate 
amount depended on concrete plastic viscosity μ and exerted a substantial impact on the resulting 
viscosity parameter μi, cf. Figure 54. 
Indeed, it is not only the rheological properties but also the amount of LL forming at the concrete/pipe 
wall interface together with the properties of this layer that determines the magnitude of the viscosity 
parameter μi. The rheological tests showed that the CVC mixtures M1 and M2A-M5B with lower 
viscosity exhibit a higher filtrate release. Thus, the LL forming for these mixtures is postulated to be 
thicker than in the case of the HPC mixtures M10A, M10B and SCC due to the higher water retention 
of the latter. At the same time, the properties of LL depend on the extent of the filtrate release.  
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a) b) 
  
c) d) 
Figure 54. Correlation between the filtrate amount and plastic viscosity μ for concretes a) before and 
b) after pumping as well as between the filtrate amount and viscosity parameter μi for concretes c) before 
and d) after pumping. 
 
7.5 Impact of filtrate amount on pumpability  
The pumpability of fresh concrete refers to the rheological properties of concrete bulk and forming 
LL [18,32,58]. In practice, it is best described as the relationship between pumping pressure and flow 
rate in a P–Q curve with A as y-intercept and B as curve slope, cf. Figure 55 and Table 22. The pa-
rameter A is attributed to the initial pressure push necessary to initiate concrete flow in the given 
pipeline, similar to the yield stress parameters τ0 and τ0i. The parameter B determines the concrete 
resistance against movement in the pipeline as a function of moving speed and depends on the vis-
cosity parameters μ and μi.  
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a) b) 
Figure 55. P–Q curves obtained from the full-scale experiments for concrete mixtures according to the 
a) upward and b) downward curves, cf. Section 3.8. 
 
Depending on concrete composition, the parameter B tendentially takes elevated values for the mix-
tures with increased binder content, i.e., M10A, M10B and SCC, and well correlates with viscosity 
parameter μi, which also mostly determines the concrete pumpability [18], cf. Table 22. 
 
Table 22. Parameters A (y-intercept) and B (slope) describing P–Q curve from full-scale pumping experiments 
obtained from the upward and downward curves and measured filtrate amount before and after pumping (left 
and right columns, respectively). 
Mixture 
y-intercept A Change Slope B Change Filtrate amount Change 
[kPa] [%] [kPa∙h//m3] [%] [l/m3] [%] 
M1 70 868 +1137 85 60 -29 45.3 49.7 +9.6 
M2A 68 539 +687 74 58 -23 57.4 56.1 -2.3 
M2B 234 699 +199 64 52 -19 51.4 51.4 -0.1 
M2C 258 630 +145 56 46 -18 66.1 56.0 -15.3 
M5A 236 454 +93 44 38 -13 74.5 63.3 -15.0 
M5B 313 712 +128 76 63 -17 60.4 55.2 -8.6 
M10A 247 1233 +399 146 111 -24 39.1 39.6 +1.2 
M10B 324 1171 +261 161 128 -20 40.8 41.1 +0.6 
SCC -25325 1411 - 163 105 -35 29.5 33.1 +12.2 
 
Strikingly, for both upward and downward curves the A parameter of concrete changes pronouncedly 
more than the parameter B. This is a clear indication that during pumping concrete loses its 
consistency in terms of yield stress and slump flow/flow table spread, which necessitates the higher 
initial pumping pressure needed to start moving concrete in the pipeline. With regard to the filtrate 
amounts, mixtures M5A, M5B and M2C with their “highest” or “easiest” pumpability also generated 
                                                 
25 The negative value is the result of linear behaviour of P-Q assumed by default. Actually, SCC shows rather 
nonlinear behaviour due to shear thickening at elevated flow rates [199] 
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the largest amount of expressible suspension of fines, i.e., lubricating material. At the other extreme 
are the mixtures with considerably elevated fines content, i.e., M10A, M10B and SCC, which re-
quired more liquid to cover their particles’ surfaces. The difference in filtrate amount measured for 
M2A and M2B had only a negligible effect on the slope of the P–Q curve. The same remark is also 
valid for the mixtures M10A and M10B: In both cases, the HRWRA amount is varied. It should be 
noted that based on the consideration of filtrate amounts it is only possible to predict the pumpability 
of concretes with similar composition qualitatively.  
In the next step, the rate of filtrate formation is analysed, cf. Figure 56. Depending on the concrete 
composition, the exuded water facilitates the formation of the LL due to available lubricating material 
and affects its rheological properties as well. 
 
  
a) b)  
Figure 56. Filtrate formation as a function of time a) before and b) after pumping. 
 
Since the filtrate material has an aqueous character, it must exert a dilution effect on LL composition 
and thus, reduce its rheological properties in terms of yield stress and plastic viscosity. Yet, a too high 
rate of filtrate formation indicates a lack of stability [41]. M5A showed the highest filtrate formation 
rate and is prone to bleeding from before even before pumping. Nevertheless, it could successfully 
be pumped without causing any troubles, the worst of which being blockage upon extreme water loss 
due to bleeding. The other extremes with respect to filtrate portions, i.e., M10A, M10B and SCC, 
required the highest effort in terms of effective pumping pressure. These M10A, M10B and SCC 
mixtures with their characteristically high fines content, however, generated higher filtrate amounts 
after the pumping. A reason for the changed behaviour in Phase 2 might be the decrease in mixture 
consistency and increase in air content which facilitated the movement of the filtrate water out of 
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concrete. Since the material volume in LL cannot exceed the total amount of the available paste, the 
maximum physically possible LL thickness is calculated using Equation 30. Table 23 shows possible 
LL thickness according to the available lubricating material. It follows that the LL thickness e in-
creases due to through the filtrate material that is “pressed” towards the wall during pumping with up 
to 2 mm. For some of the mixtures, M1, M10A and SCC, the filtrate retention decreased in the course 
of pumping resulting in larger e values. Further investigation could reveal whether the variations are 
due to the changes in concrete consistency that seems to influence the water retention or some other 
factors. 
 
Table 23. LL thickness e corresponding to the available filtrate amount before and after pumping. 
e 
[mm] 
Mixture 
M1 M2A M2B M2C M5A M5B M10A M10B SCC 
ebefore 1.31 1.65 1.48 1.91 2.15 1.74 1.13 1.18 0.85 
eafter 1.43 1.61 1.48 1.61 1.82 1.59 1.14 1.18 0.95 
 
 
7.6 Summary 
In this chapter, the influence of pumping on concrete rheological behaviour is described. The focus 
is set on the filtrate forming the LL and, on the parameters, which determine its amount. It is shown 
that filtrate release depends on the specific surface of the fines and their content but also on concrete 
viscosity parameters, especially the plastic viscosity of the concrete bulk. Further conclusions are:  
 Pumping leads to increase in concrete yield stress but reduces its viscosity; 
 An increase in paste content by increasing the amount of binder (fines), but not that of water, 
generally leads to a marked increase in the required pressure for a given flow rate; 
 The amount of filtrate pressed out of concrete and the rate of its formation determine to a great 
extent formation of LL and thus the pumpability of concrete; 
 Formation of Filtrate suspension during pumping can contribute to the thickness of the 
thickness of LL with up to 2 mm; 
 As the surface area and content of fines increase, the amount of the rheologically effective 
water and, thus, the amount of filtrate decrease; 
 An increase in the dosage of HRWRA without changes in water content increases the 
rheologically effective amount of water and the amount of filtrate; 
 An increase of the air content leads to an increase in the amount of filtrate; 
 The temperature increase in pumped concretes is more pronounced for HPC in comparison to 
CVC; 24 min of pumping induced a temperature increase of three degrees Kelvin for CVC 
and up to eight degrees Kelvin for HPC; 
 Sliper and the portative high-pressure filter press have proven their applicability for quick and 
reliable assessment of concrete pumpability and stability on site. 
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8 Challenges related to pumping of concrete 
 
8.1 General 
In the context of concrete technology pumpability is a characteristic of the mixture describing its 
ability to be pumped easily and trouble-free through a conveying line. This chapter reviews the chal-
lenges rising during pumping of concrete. The main challenge is to design pumpable concrete: The 
concrete aggregates must be covered with lubricating material (paste), since for the stress transfer 
from the pressure gradient takes place by hydrodynamic interactions [11]. In any cross-section along 
the pipeline, the concrete must be fully-saturated or even partially oversaturated with water. Thus, it 
can be assured that the friction resistance at the concrete-pipe interface is low enough for the concrete 
to be pushed forward. During the strokes by the pump, the concrete “framework” must be dense 
enough for the water/filtrate not to separate from solids, but permanently assure the hydrodynamic 
stress transfer. The later is far less dissipative than the friction between aggregates, which might also 
cause blockage [11,97]. 
Further, the chapter addresses the most common disturbance related to concrete pumping that is the 
risk of blockage. Preventing blockages is undoubtedly vital to use the whole potential of the pumping 
process while covering extremely long-distances and heights of concrete delivery [64,83]. The phe-
nomena occurring in concrete while passing a bend or a reducer are investigated in this chapter based 
on the measured pressure losses. The chapter also outlines the aspect of pump efficiency by analysing 
the filling degree of the pistons. Furthermore, valuable information about the concrete temperature 
control in the pipeline and vertical pumping is provided. Finally, the aspects of the pipeline cleaning 
are considered and discussed. 
 
8.2 Priming grout 
The priming grout is initially inserted into the pipeline with the purpose to reduce the friction at the 
pipe wall interface when the fresh concrete is subsequently pumped into the pipeline [36,50]. Thus, 
it is assured that an initial LL between concrete and wall is created. The lubricating material in con-
crete is necessary “to keep” a certain LL thickness during pumping. The required amount of priming 
grout can be directly calculated by taking into account the geometry of the pipeline and the designed 
LL thickness e as shown in Table 24 for the employed full-scale pumping circuit. 
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Table 24. Volume of priming grout for a designed LL thickness e in full-scale pipeline. 
e [mm] 
Section DN125 Section DN100 Theoretical 
volume of 
grout [m3] 
Actual 
volume of 
grout [m3] 
Radius R 
[mm] 
Pipe length 
L [m] 
Radius R 
[mm] 
Pipe length 
L [m] 
5 
62.5 79 125 75 
0.26 
0.50-0.75 
10 0.50 
 
It must be noticed that that the designed e is not necessarily equal to the real one since the later 
depends on several parameters including the concrete composition and the flow type, cf. Chapter 5. 
The quality control of the grout was performed only visually. In the full-scale experiments, the applied 
grout volume amounted at the beginning 0.50 m3. After several blockages occurred, the volume of 
the grout was increased to 0.75 m3. The concrete plant provided the recipe of the grout. It contained 
approximately 40 % sand by volume of the mixture with a maximum particle size of 2 mm and a 
w/b = 0.5. After production, the grout was directly inserted into the pump before proceeding with the 
main pumping program, cf. Figure 57a. The rheological properties of the grout had never been 
adjusted until several blockages occurred, mainly due to inappropriate mixture composition of the 
priming grout, that is subsequently optimised, cf. Figure 57b and Section 8.4. 
 
  
a) b)  
Figure 57. Different quality of priming grout: a) stiffer consistency with an increased risk of blockage, 
b) softer consistency with reduced risk of blockage. 
 
Since it is beyond the scope of the present project, only preliminary tests regarding the interaction 
between priming grout and concrete are accomplished. As suggested by Kaplan et al. [36] two dif-
ferent procedures were analysed: 
 Concrete is discharged into the pump hopper when this still contained a large amount of grout 
as it is believed to “lubricate” the concrete before pumping; 
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 Concrete is discharged into the pump hopper when it contained a minimal amount of grout. 
The latter is almost entirely pumped into the duct before concrete. 
Among the two cases, the second one seemed to work the best and was applied for the remaining 
testing series. All in all, the importance of the priming grout is a matter of fact, not only as an effective 
instrument to lubricate the pipeline but also as a “dumper” to hinder the larger aggregates to escape 
out of concrete priming grout due to inertial forces, Figure 58. 
 
 
Figure 58. Schematic representation of the interaction between the concrete and the priming grout in the 
pipeline. 
 
It is recommended to use a larger quantity of grout, that is, however, conditioned by the possibility 
on site to dispose the material together with some of the contaminated concrete. An important aspect 
concerns the seals used between two adjacent pipeline segments that “consume” some of the grout. 
The pump operators are often tempted to add water to the priming grout directly into the pump hopper 
if its consistency seems to be stiff. Since the helix in the hopper is not designed for mixing the con-
crete but rather keep the concrete moving, the water added subsequently cannot be evenly distributed. 
Therefore, similar to the case of concrete, specific quality control of the rheological properties of 
priming grout must also be implemented regarding compatibility between the concrete and the grout. 
Recently, a series of pipe priming products or primers have been developed to decrease the friction 
during pumping and improve concrete pumpability [87]. The primers, most of them polymer-based, 
could solve the problem of creating an initial LL in a more “elegant” way and eliminate the necessity 
to use the classical cement grout and with it the need to dispose both this grout and the contaminated 
concrete. Therefore, open avenues are left for further research into the subject including the effect of 
the primers on the concrete properties in its fresh and hardened state. 
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8.3 Pipeline geometry 
The full-scale pumping tests were performed with the mixtures listed in Table 18. Details about the 
pipeline geometry are available in Section 3.8. Figure 59 depicts the pressure loss in the straight sec-
tions of two pipe diameters. 
 
  
a)   
 
 
c)  
Figure 59. Pressure loss in straight pipelines for pipe diameters a) DN125 and b) DN100; c) comparison 
between the pressure loss in both pipelines. 
 
As a general remark, the pressure loss increases with increasing flow rate. The pressure loss is de-
pendent on concrete type: ordinary concretes (CVC) exhibit less pressure loss in comparison to high-
performance concretes (HPC). The pressure loss is higher in small diameter due to the fact that re-
quired amount of LL in material related to the total amount of concrete increases with decreasing pipe 
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diameter [54]. Additionally, the difference in pressure loss between these two concrete types in-
creases with decreasing diameter, cf. Figures 59a and 59b. Obviously, the reason for this can be traced 
back to the response of the each concrete type to higher shear stress occurring in the smaller diameter 
pipeline and the resulting concrete rheology: HPC exhibits “by default” a more pronounced dilatant 
or shear-thickening behaviour in comparison to CVC [199], exhibiting a pronouncedly higher re-
sistance, i.e., higher pressure loss with increasing shear stress. Furthermore, due to dilatancy, the 
coarse particles in HPC are expected to be pushed away from each other towards the pipe wall while 
“damaging” the LL and increasing the friction at the pipe wall to a higher degree than in CVC. 
For all mixtures, the pressure loss in the section DN100 is by 64 % larger than in the pipe diameter 
DN125, cf. Figure 59c. For flow rates over 40 m3/h, an average pressure amplification exceeding 
100 % has been reported [59]. Since the pressure loss along the pipeline is not purely linear, it demon-
strates that the friction at the pipe wall depends not only on velocity profiles [32] but also on the LL 
properties of the pumped concretes. 
In the present study, the influence of 180° bends was investigated for two pipe diameters DN125 and 
DN100, cf. Figures 28 and 60a. Figure 60b schematically depicts the flow condition of concrete in the 
bend strongly dominated by the flow induced particle migration. In the bends, the exterior wall sur-
face is larger than the internal one. As a result, the LL at the exterior wall becomes thinner. This 
induces a strong wear of the steel pipe in that region while the inner wall becomes “enriched” with 
very fine particles [67] and is subjected to wear to a less extent. As soon as the concrete passes the 
critical zone, it needs to regain its former properties including the LL by flowing through a straight 
pipeline considered as a resting phase. The pressure difference in the bend is measured from the 
pressure sensors installed before and after the bend (P2-P3 and P5-P6). 
The obtained pressure loss per unit length was related to that in the straight pipeline. The resulting 
equivalent length in the bend was calculated as the pressure loss per meter in a straight pipe. 
For most of the mixtures investigated in the present study, the statement from the existing guidelines 
overestimates the calculated equivalent length, cf. Figures 60c and 60d. Despite the large scatter in 
the values for each mixture, it can be affirmed that the equivalent length decreases with increasing 
flow rate. Further, it seems that an increased flow rate reduces the effect of the bends. These tenden-
cies are in line with the results published in [17]. 
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a) b) 
  
c) d) 
Figure 60. a) 180° bends in the full-scale pipeline of two diameters b) flow condition in bend, adapted 
from [10,67]; resulting equivalent length under the consideration of pressure loss ΔP in bends for 
c) DN125 and d) DN100. The full black line represents the statements in the guidelines used in the practice 
of construction [12]; the dashed black line represents the actual length of the bend; photo courtesy of 
Stephan Falk. 
 
The two pipeline sections of different diameter in the full-scale experiments were joined through a 
reducer, cf. Figure 61a. In order to study the effect of reducer on the pumping pressure, two pressure 
sensors were installed just before and immediately after it. 
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a) b) 
 
 
c)  
Figure 61. a) Reducer and b) flow condition in the reduction, adapted from [51]; c) pressure loss in the 
reducer. 
 
Figure 61b schematically depicts the flow condition of concrete through the tapered section of the 
reducer. This section is characterised by increasing velocity vDN100 > vDN125 of concrete at a constant 
flow rate Q along its length. For most of the investigated concretes, the impact of the reducer can be 
neglected, cf. Figure 61c. The negative values of pressure loss show that the reducer caused an in-
crease in the pressure at the end of the section. The effect of the flow rate magnitude cannot be 
distinguished due to significant data scattering. In any case, a slower flow rate allows the aggregates 
in the mixture to rearrange under the effect of the reduction in diameter cross-section. A higher flow 
rate would instead impose severe dilatancy of concrete or even formation of blockages [36]. 
It is common to see old and rusted pipe sections used to transport concrete by pumping methods, cf. 
Figure 62a. Increasing roughness of pipe inner wall due to oxidation increases the friction at the in-
terface between concrete and the pipeline and significantly reduces the ability of the concrete to flow 
through the pipeline [18,61]. Application of some mortar grouts and primers can partially “smoothen” 
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the rusted wall surface. Although no regulations with the regard to the maximum lifetime of the pipe-
lines are known to the author, this aspect must be considered while building a new conveying line on 
site and the affected pipelines shall be replaced. 
 
  
a) b) 
 
 
c)  
Figure 62. a) Scarce inner wall surface quality; b) coupling connections for pipe segments and c) seals for 
couplings containing hardened grout. 
 
The pipe sections have a limited length: one, two and three meters are very common lengths. Two 
adjacent pipe sections are joined using coupling connections designed with ring seals to avoid leakage 
of grout and keep the connection tight, cf. Figures 62b and 62c. Since these seals are not fully tight, 
the gaps become filled with grout that hardens over time if not properly cleaned after each application 
and induces additional friction at the inner pipe wall resulting in increased pressure loss. Since some 
loss of lubricating grout that gathers in the seals is unavoidable during priming, this additional amount 
of grout shall be added to the calculated one, cf. Section 8.2. 
Rubber hoses are commonly used for discharge and casting purposes. Thanks to their flexibility, they 
can be used to direct the concrete wherever needed on site. Such hoses are also employed as an inter-
mediate bridge between the pump and the main pipeline offering an additional degree of freedom for 
pump location. In Figure 63 the rubber hose at the inlet was intentionally chosen longer than the actual 
distance between the pump and the pipeline since the increase in pressure during pumping caused 
elongation of the hose in the direction of pumping. Careless handling of hoses during pumping, i.e., 
severe bending or partial damaging of the hose cover, might cause blockages, failure of the hose or 
even serious person injuries. 
Hardened grout 
CHAPTER 8 
 
113 
 
Figure 63. Rubber hoses used in the full-scale pumping experiments. 
 
8.4 Blockages 
The blockage is the most common disturbance of the pumping process. If leaving apart the case of 
poorly cleaned pipeline and operator errors, three types of blockages are distinguished based on the 
experience of practitioners summarised in [36]: 
 Blockages occurring during priming (startup); 
 Blockage at pumping, restarting (after a short stop); 
 Blockage in the final phase of the duct cleaning. 
The mechanism of blockage formation can be explained as an increase in the concentration of the 
coarse aggregate particles over the pipe cross-section forming a dense plug ahead that opposes the 
forward movement of concrete through the pipe. During 26 full-scale pumping experiments within 
the present study, six blockages took place, all during priming. Examples of blockages are shown in 
Figure 64; They occurred mainly in the elbows or the tapped section of the reducer and the flow meter. 
 
   
a) b)  c) 
Figure 64. Blockages attributable to a) poor grout composition, b) lack of LL at the inner pipe wall, c) in-
sufficient concrete stability resulting in aggregates interlocking and blockage.  
 
The primary cause of the blockage shown in Figure 64a is an improper grout composition and insuf-
ficient consistency, inducing a dry front of mortar moving ahead during initial priming. In the second 
Inlet 
Outlet 
Lack of LL 
Lack of lubricating 
material around 
aggregates 
Lack of LL 
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case (Figure 64b), the priming grout did not create sufficient LL, resulting in increased friction be-
tween inner pipe wall and concrete, which could not be overcome by the applied pumping pressure. 
In the last case (Figure 64c), concrete itself exhibited low stability: The aggregates in the cross-section 
were not sufficiently covered with the lubricating material causing interlocking and flow blockage. 
Any time a blockage occurred, the operator initially tried to clear the blockage by alternately reversing 
and resuming the pumping for a couple of such cycles. If this procedure was not successful, the line 
was manually opened and the congested pipe section is cleaned. During such cleaning operations, 
one must always be aware of possible high pressure in the pipeline that might cause injuries during 
disassembly of pipe sections. After cleaning the clogged zone, some of the concrete was discharged 
to “rebuild” the missing LL, cf. Figure 65. After that, the entire pumping procedure could be resumed. 
 
  
a) b 
Figure 65. a) and b) Resuming the pumping process after blockage removal. 
 
Each blockage led to a time delay between 15 to 20 min. In most of the cases, it was possible to 
remove the blockage and resume the pumping according to the initial procedure. As a general remark, 
it is strongly recommended that the pumping crew is sufficiently trained and prepared to quickly act 
if a blockage occurs to avoid large time delays and extreme stiffening of the concrete in the pipeline. 
What exactly happens in the pipeline during a blockage in terms of pumping pressure is shown in the 
example of the reference mixture M1, cf. Figure 66. A stepwise increase in pressure prior to the jam 
indicates that the blockage is forming far from the pump. The opposite is valid in case the blockage 
occurs in the immediate neighbourhood of the pump. The first peak in Figure 66a clearly shows a 
high potential of blockage formation at the pressure sensor P4 just before the reducer, cf. Figure 28. 
The concrete could be pushed further until it reached the pressure sensor P8 and finally blocked the 
pipe. The final peaks in pipeline pressure indicate that the operator tried several times to restart the 
pumping process, however, without success. Meanwhile, the oil pressure in the pump reached over 
200 bars, cf. Figure 66b.  
Section with blockage 
Concrete with 
rebuilt LL 
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a) b) 
  
c) d) 
Figure 66. Pressure evolution during a blockage a) in the pipeline and b) in the pump; typical pressure 
peaks measured in the c) pipeline and d) pump for several blockages; P1-P8 in the legend refer to the 
pressure sensors installed on the pipeline; the diagrams on left and right have different scales. 
 
Although the pump pressure capacity was not exceeded, it Was decided to carefully open the pipeline 
and clean the sections congested with concrete. Thereafter, the pumping was resumed, cf. Figure 66c. 
Within 50 min other three blockages occurred next to P8, as indicated by the red line in the diagram. 
While cleaning the pipe, it was discovered that the front concrete did not have enough LL at the inner 
pipe wall that seems to be the cause of the blockage occurrence. The corresponding pressure in the 
pump overpassed 250 bars, cf. Figure 66d. The pump itself created a hissing sound signalling a block-
age. The pumping could only be fully restarted at a concrete age of 90 min. During the pumping 
campaign, it was observed that at any time the concrete passed at least once through the pipeline. i.e., 
the LL was built, the risk of a blockage to occur decreased substantially.  
0
10
20
30
40
50
60
70
28 29 30 31 32 33
P
ip
el
in
e 
p
re
ss
u
re
 P
[b
ar
]
Time t [min]
P1
P2
P3
P4
P5
P6
P7
P8
0
50
100
150
200
250
28 29 30 31 32 33
P
u
m
p
 p
re
ss
u
re
 P
[b
ar
]
Time t [min]
P
0
10
20
30
40
50
60
70
25 50 75 100
P
ip
el
in
e 
p
re
ss
u
re
 P
[b
ar
]
Time t [min]
P1
P2
P3
P4
P5
P6
P7
P8
0
50
100
150
200
250
300
25 50 75 100
P
u
m
p
 p
re
ss
u
re
 P
[b
ar
]
Time t [min]
P
Pressure peaks  
Pressure peaks  
Blockages 
Resuming 
pumping 
CHALLENGES RELATED TO PUMPING OF CONCRETE 
 
116 
Short interruptions of the pumping process can lead to major difficulties in resuming pumping oper-
ations or even cause blockages. Reason for that is the tremendous effect of micro-structural build-up 
(thixotropic behaviour) of concrete [150,162]. During the pumping campaign, one short-stop scenario 
was analysed: After 24 min of continuous pumping at various speeds, the concrete was left at rest in 
the pipeline for 3 min. The pumping is then restarted for another 3 min. No significant increase in the 
initial pumping pressure could be observed as a result of the possible thixotropic behaviour of the 
concrete. It seems though that 3 min of rest is a time far too short for the tested concrete to exhibit a 
pronounced structural build-up. 
 
8.5 Filling degree of pump pistons 
The machine employed for the experiments was a dual-piston pump with a placing boom, cf. Sec-
tion 3.8. During the pumping, the pistons filled with material, alternately push the concrete into the 
conveying line. The efficiency of the pump depends on the filling degree of the pistons. The filling 
degree represents the ratio between the real volume of concrete aspired into the piston and of the 
filled piston. In the present study, the filling degree was exactly calculated and compared with the 
previous statements in the literature [22,23,36,86]. Table 25 shows an example of the determination 
of the filling degree for the reference mixture M1 based on the measured data and piston geometry. 
 
Table 25. Example of calculation the piston filling degree for the reference mixture M1. 
Number of 
strokes [-] 
Piston geometry 
Flow rate Q 
[m3/h] 
Concrete 
volume [m3] 
per stroke 
Piston vol-
ume [m3] 
Filling de-
gree k [%] 
Diameter 
[mm] 
Length 
[mm] 
13 230 2000 10.52 0.57 1.08 52.8 
22 230 2000 16.47 0.86 1.83 47.2 
28 230 2000 18.04 0.94 2.33 40.2 
39 230 2000 29.67 1.48 3.24 45.8 
29 230 2000 21.95 1.06 2.41 44.0 
22 230 2000 14.12 0.74 1.83 40.4 
9 230 2000 7.93 0.40 0.75 53.0 
24 230 2000 15.01 0.75 1.99 37.6 
 
The number of strokes in the first column was individually calculated according to the peaks from 
the pressure diagram, cf. Figure 30a. The flow rate was measured at the end of the pipeline with the 
flow meter. The value in the table represents an average for each pumping speed. The concrete vol-
ume refers to the total amount of concrete that passed through the flow meter for a given number of 
strokes. The filling degree was determined by relating the actual concrete volume in the piston per 
stroke to the piston volume. The results for the filling degree are summarised in Figure 67. Accord-
ingly, the average filling degree for all concretes is estimated at 48 % with a data scatter between 38 
and 57 %. Thus, 52 % of the piston volume remains empty in each stroke. The measured value is 
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significantly lower in comparison to 70 % mentioned in [36] or even 90-100 % assumed in 
[22,23,86]. 
 
 
 
Figure 67. Variation of filling degree depending on the concrete type and flow rate. 
 
The low filling degree might be the main cause for the increase in the air content for each of the tested 
concretes as discussed in Section 7.3 and the corresponding effects of pumping on concrete properties. 
Considering the large range of investigated mixtures including CVC and HPC, in can be stated that 
for the given pump, the filling degree of the piston does not depend on the concrete type. Moreover, 
the filling degree of the piston is independent of the flow rate. It means that to improve the efficiency 
of the pumping equipment, primarily the geometry of the feed hopper in the pump must be optimised, 
e.g., by modifying the geometry of the agitating blade for a better concrete intake into the pistons. 
However, the influence of concrete cannot be neglected. Thus, it is a matter of further research to 
what extent the concrete composition influences the piston filling degree in various pump systems. 
 
8.6 Temperature control 
On site, weather conditions can become a matter of concern if not addressed properly. For example, 
if the environment temperature is below 0 °C, the water in concrete is prone to freeze and block the 
concrete flow through the pipeline during pumping. Some of the necessary solutions are mixing both 
priming grout and concrete with hot water to prevent freezing during delivery. If the temperature is 
too high, e.g., over 30 °C, the concrete tends to set prematurely. The objective is to keep the concrete 
cool and not to let it dry out. The best time for concreting must be set in the morning or late in the 
evening. In case of rain, the surface of the casted elements must be covered. 
The full-scale experiments in the present research were performed in September under relatively mild 
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weather conditions, cf. Section 3.8. Since the temperature reached on some of the days 30 °C, it was 
decided to protect the most critical sections of the circuit from direct sunlight: Both ends of the pipe-
line including the bends and the flow meter were sheltered under a tent, cf. Figure 68a.  
 
  
a) b) 
Figure 68. a) Tent used to protect the bends of the circuit; b) temperature control along the pipeline ap-
plying a wet cloth. 
 
The rest of the pipe is covered with dense cloth available as a roll. The cloth is permanently watered 
to low the temperature, cf. Figure 68b. Both methods proved to be very straightforward and effective 
in controling the temperature of concrete in the conveying line during pumping. 
 
8.7 Vertical pumping 
Pumping vertically implies higher pumping pressure than pumping horizontally due to the additional 
contribution of the concrete weight that must be considered while choosing the right pump. In the 
practical guidelines, each meter of vertical rise of concrete is “simply” converted in a pumping pres-
sure multiplied by a factor three or four in comparison to horizontal pumping [12,49]. This simplifi-
cation can lead to inordinately high-pressure estimation since the actual fresh concrete properties 
including the formation of LL are omitted [17,35]. 
If the working power of the available pump is not sufficient to overcome the needed pumping pressure 
for the targeted height, it is not unusual to combine a couple of pumps [75]. In this case, the second 
and the third pumps can be installed at different levels, e.g., at the quarter of the height and at the 
halfway point, respectively. Leaving aside the additional pressure, vertical pumping is by far safer if 
considering stability and blockage formation [197]. The reason is that during vertical pumping the 
separation of the aggregates from the concrete matrix due to inertia forces occurs to a lower extent 
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than in horizontal pumping as gravitational force hinders the advance of the particles [36]. Further-
more, the LL is uniformly distributed all around the cross-section. In a horizontal pipeline, the LL 
might be disturbed due to the localisation of concrete segregation in some pipeline sections. 
 
8.8 Cleaning the pipeline 
Cleaning is the final and probably most challenging phase of the pumping process. Two cleaning 
methods are mostly applied: with water and with pressurised air. For the second method, a compressor 
is necessary. In both cases, special sponges immersed in water are inserted behind the concrete and 
pushed through the entire pipeline, cf. Figure 69a.  
 
  
a) b) 
 
 
c)  
Figure 69. a) Sponge variation for pipeline cleaning; b) washing the pump hopper before proceeding with 
water cleaning of conveying line; c) sponge “catcher” installed at the discharge duct. 
 
In order to accelerate the cleaning process, a combination of two spherical sponges and a cylindrical 
one between them is suggested. The water cleaning is safe; however, it might cause concrete wash 
out, especially if the sponges are not watertight causing the blockage of the pipeline. On the other 
side, the air cleaning might seem more efficient and easy to perform. Nevertheless, it is unsafe and 
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implies risks of injuries caused by the uncontrolled acceleration of the sponge and concrete coming 
out at the end of the duct as they may behave as projectiles. This action can be partially controlled by 
decreasing the air pressure while the sponge approaches the end of the [22,23]. 
In the present project, a combined cleaning procedure is applied. At first, the pump hopper is 
thoroughly cleaned of concrete, Figure 69b. After that, the hopper is filled with clear water and then 
pumped into the pipeline behind the sponges until the main concrete is completely discharged. In the 
last step, the compressed air is used to clean the unblocked pipe sections from the remaining concrete 
traces. The “sponge-catcher” is applied to stop a possible “shot” of the sponge, cf. Figure 69c. In this 
case, the end of the pipe had to be fixed to avoid possible excessive swings. To prevent damaging the 
sponge by the “sponge-catcher”, the air pressure should be reduced as soon as the sponge reaches the 
end of the pipeline. 
 
8.9 Summary 
In the present chapter, different aspects related to the manifold challenges posed by pumping of con-
crete are discussed and exemplified based on observations and measurements during the full-scale 
pumping experiments. The main findings can be summarised as follows: 
 Most of the blockages occur during the priming; 
 The quality of the priming grout has a substantial impact on the blockage formation. 
Permanent quality control should be performed; 
 The pressure loss in the pipeline follows a linear path and depends on the flow rate. Decreasing 
the pipe diameter from 125 mm to 100 mm increased the pressure loss by a factor of 1.64; 
 The pressure loss in straight pipelines is higher for high-performance concretes in comparison 
to ordinary concretes; 
 The bends cause an additional pressure loss; the rule of thumb from the guidelines stating that 
a 180° bend corresponds to an equivalent length of 6 m is on the safe site. The results also 
revealed that a higher flow rate reduces the equivalent length; 
 The effect of reducer on the pressure loss can be neglected for most of concretes; however, 
the changes occurring in concrete due to the densification of the aggregates in the cross-sec-
tion should not be ignored; 
 The reducer can be considered as a sort of stability “checkpoint” for concretes prone to block-
age formation; 
 The filling coefficient of the pump pistons amounted an average value of 48 % and was inde-
pendent of concrete type and flow rate; 
 For cleaning the pipeline, a combined procedure from water cleaning and compressed air 
cleaning was found efficient and secure.  
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9 Final conclusions and outlook 
 
9.1 General 
The humanity is facing today a digital transformation linked to the implementation of digital technol-
ogies which embrace most industries including civil engineering. This transformation dictates a 
significant paradigm shift regarding the way we will build and the types of smart materials that we 
will use in the future. With this respect, the future of pumping as a very efficient transportation 
method is guaranteed. The same is valid for modern concretes as mineral-based composites of nearly 
infinite versatility and adaptability. 
Despite the continuous progress in concrete technology, there are still no official regulations for the 
assessment of concrete rheological properties in the context of pumpability. This certainly hinders 
the application of modern concretes at a larger scale with all their advantages in terms of durability 
and sustainability. 
One of the essential achievements of the present thesis is the development of a practical, scientifically 
based methodology for a purposeful characterisation and prediction of concrete behaviour during 
pumping. The findings and recommendations of the work will hopefully make the application of 
modern concretes more attractive for the very conservative construction industry. The new knowledge 
will also help in designing adequate concrete mixtures. The following sections outline the major 
findings of the research at hand. 
 
9.2 Concrete flow type 
The concrete flow type in pipes, either plug or shear, is defined at low flow rates. For concretes with 
high yield stress values, the concrete flow is of plug type. In case of low yield stress concretes, i.e., 
SCC, the flow of concrete is of shear type. The transition from plug to shear for concretes showing 
shear flow type takes place at low flow rates. At laboratory scale, the flow type of concretes can be 
determined by comparing the P–Q results predicted by tribometer/viscometer and Sliper devices. 
Such a comparison disclosed that only one of the approaches, i.e., describing the plug flow or shear 
flow, gives the best agreement with the Sliper results. The plug flow-based methods previously pro-
posed can be accepted for practical use, as the predicted values for pumping pressure overestimate 
the real pressure. However, the overestimation can reach a value as high as 50 %. Thus, the use of 
approaches based purely on plug flow assumptions might be economically unfeasible. 
 
9.3 Lubricating layer properties 
The importance of lubricating layer (LL) formation, its properties and relevance for concrete flow 
behaviour in the pipes were demonstrated in the conducted experiments, analytical work and 
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numerical simulations. On this basis, a new approach is proposed to determine the LL thickness by 
introducing it as an unknown parameter in the available analytical model. It is shown that the actual 
layer of interest takes values in a range between a very few mm, for highly flowable, concretes and 
up to 8 to 9 mm, for ordinary concretes, depending on concrete composition and pipe geometry. 
 
9.4 Rheological devices 
The developed tribometer has proven its reliability in measuring rheological properties of the lubri-
cating layer forming between the pipe wall and concrete. In case of very flowable concretes, the 
additional shear propagating to parts of concrete bulk was partially eliminated. In combination with 
the viscometer, rheological properties of the both LL and concrete bulk were characterised. The de-
termined parameters were used to predict the relation between the flow rate and the pumping pressure 
in the pipeline. Both devices are applicable in the laboratories of the concrete plants and need some 
knowledge of concrete rheology to be operated. 
On site, the Sliper device has recommended itself a robust instrument for in-situ prediction of pressure 
required for concrete pumping. Furthermore, the apparatus can be applied for quality control consid-
ering different concrete batches. The prediction capacity of the proposed experimental methods was 
verified by the full-scale pumping experiments. 
 
9.5 Filtrate formation 
The portative high-pressure filter press (PHPFP) developed at the Institute of Building Materials, 
University of Hanover, was applied to determine the amount of filtrate available in concrete subjected 
to high pressure and the rate of filtrate formation. It is shown that the filtrate amount strongly depends 
on the specific surface of fines and their content in concrete. Further, the filtrate material can increase 
the LL thickness by up to 2 mm depending on concrete type. The rate of filtrate formation was 
correlated to the bulk viscosity; ordinary concretes with lower viscosity featured higher filtrate 
amount available for the formation of LL than high-performance concretes (HPC). With the help of 
PHPFP, stability criteria shall be developed in the future to identify the proneness of concretes to 
blockage, including assessment of segregation resistance. 
 
9.6 Numerical simulations 
The numerical simulations of the experiments were performed with the powerful tool of computa-
tional fluid dynamics (CFD) implemented in the commercial software ANSYS Fluent®. The material 
model was introduced into the program using the software feature called user-defined function 
(UDF). The model itself was developed applying the single-phase technique; it includes the bi-vis-
cous material approach. The appropriate rheological parameters were experimentally determined and 
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assigned to the model constituents representing concrete bulk and LL.  
The “actual” LL thickness in the model was estimated based on a calibration with the Sliper results. 
For this purpose, the rheological properties of concrete bulk and LL as assessed with viscometer and 
tribometer were used as input parameters. The prediction capacity was verified in the full-scale 
pumping experiments.  
 
9.7 Modified nomogram 
The previously developed monogram for determination of pumping parameters takes into account 
only the slump or flow table results as parameters related to rheological properties of concrete. Since 
the viscosity is the most influential parameter on concrete pumping behaviour, a previous attempt at 
including the viscosity parameter into the nomogram was consolidated. For this purpose, the viscosity 
parameter b from Sliper was used to replace the flow table data from the nomogram. Alternatively, 
the viscosity parameter from tribometer μi could be used; however, this aspect was not analysed in 
the present research. The yield stress parameter was not considered in the nomogram since it displays 
only a minor effect on concrete pumping behaviour. In its modified form, the nomogram can be 
directly applied also for highly flowable concretes. The modified nomogram offers a practical tool to 
determine the pumping parameters both for ordinary concretes and HPC. 
 
9.8 Relevance of pumping experiments 
The scope of the performed full-scale experiments was to verify the reliability of the proposed 
methodology for the characterisation of pumping behaviour of concrete and prediction of its 
pumpability. It was found that the experimental methods tend to overestimate the pumping pressure 
within the accuracy range of 2-30 %. Considering that the actual processes in the pipeline cannot be 
fully reproduced in small experiments, the results are very encouraging. 
Further results showed that the blockages primarily occur during priming. It is also highlighted that 
quality control of the priming grout is necessary to prevent the blockage during priming. The 
measured pressure loss in the pipeline followed a linear path with increasing flow rate. The outcomes 
support the assumption that the interaction at the inner wall-concrete interface does not depend on 
pressure, but on flow rate. 
Reduction in the pipe diameter from 125 mm to 100 mm increased the pressure loss by a factor of 
1.64. It is also shown that the bends cause an additional loss of pressure. The recommendations in the 
guidelines mostly overestimate the effective length of the bends, thus, remaining on the safe side. The 
effect of reducer, i.e., the tapered section joining to pipes with distinct diameter, on the pressure loss 
is negligible. The reducer acts as a sort of stability “checkpoint” for concretes prone to blockage 
formation. 
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The filling coefficient of the pump pistons barely reached an average value of 50 % and seems to be 
independent of concrete type and flow rate. Finally, for cleaning the pipeline, a combined procedure 
is recommended including both water and compressed air cleaning. 
 
9.9 Influence of pumping on fresh concrete properties 
For most of the mixtures under investigation, the viscosity parameters for both concrete bulk and 
lubricating layer decreased during pumping. However, yield stress significantly increased. Thus, the 
concretes became stiffer. During 24 min of pumping, the temperature increased by 3 degrees Kelvin 
in ordinary concretes and by up to 8 degrees Kelvin for HPC. 
The pumping also caused an increase in air content. The additional volume of air can be attributed 
primarily to the filling of the pump pistons of about 50 % independent of the mixture type and flow 
rate. Thus, the pistons introduce mechanically air into the mixture. Another reason is the pipeline 
geometry, without any section enabling free fall of concrete. According to the practical experience, 
the mechanically induced air is lost during pumping for steep pipelines where concrete “free fall” 
from the pipeline occurs. The changes in concrete air content seem to be the primary cause of the 
observed decrease in viscosity. 
 
9.10 Generated database 
As a result of the full-scale pumping experiments, an extensive database was generated. In the thesis 
at hand, only the most relevant part was presented and discussed. The database can help in the further 
investigations of phenomena which take place in the pipeline, e.g., during priming and cleaning ac-
tions, building a strong foundation also for future numerical simulations.  
 
9.11 Improving numerical model 
Following the experimental investigation, a material model concept shall be developed to simulate 
the occurrence of flow-induced particle migration (FIPM) numerically and to couple it with the rhe-
ological properties of concrete and LL. This step is an essential prerequisite for improving the existing 
CFD models. The new modelling approach shall be able to simulate the heterogeneous flow phenom-
ena at high shear rates under the consideration of the rheological properties of the concrete and LL. 
The constitutive equation proposed in [163] shall be initially used to characterise the velocity and 
particle concentration profile in concrete,. 
 
9.12 Today and tomorrow 
The application of pumping methods dictates good quality control and permanent monitoring on site 
and uniform batches of concrete. Pumpable concrete must fulfil by default stability requirements and 
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meet the designed rheological properties when discharged on site. From the production to the casting 
on site, concrete goes through various process steps, each leaving its own “footprint” on concrete 
fresh properties. The whole process chain can be best controlled if initial rheological parameters are 
defined, measured and if necessary adjusted in each production step, cf. Figure 70. 
Today, modern rheological instruments, i.e., viscometer and tribometer, can already be employed to 
design modern concretes and optimise their properties in the fresh state. The quality control of con-
crete in terms of pumpability and stability can be performed with the devices Sliper and PHPFP. 
Previous to pumping, the pump operator selects a pumping regime and the pumping begins. 
For the future, it is strongly recommended to permanently monitor the rheological parameters during 
mixing and transportation using incorporated rheological devices as a part of a continuous monitoring 
concept. The monitoring would not only reduce the operational errors caused by humans, but it would 
also increase the quality of the final material. Based on the evolution of viscosity parameters, the 
pumping regime would be automatically adjusted. Finally, it would be possible to modify the prop-
erties of the material while in the pipeline, e.g., by a purposeful application of electro-magnetic 
fields [92]. Thus, full automation of the production and casting process could be achieved. 
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Appendix A 
 
A.1 Materials description, chapters 4 and 5 
 Cement CEM II/A-LL 42.5 N, Schwenk Zement, production plant Bernburg, Germany; 
 Quartz sand 0.06/0.2, Röderau, Germany; 
 Quartz sand 0/2, Ottendorf, Germany;  
 Quartz sand 2/4, Ottendorf, Germany;  
 Gravel fractions 4/8 and 8/16, Ottendorf, Germany; 
 Basalt split fractions 2/5, 5/8 and 8/16, Mittelherwigsdorf, Germany; 
 Fly ash (FA) “steament H4” (from black coal), Herne, Germany; 
 Silica fume (SF) Elkem 971, obtained from Elkem Refractories, Kristiansand, Norway; 
 Polycarboxylate-based superplasticiser Sky 593, aqueous solution, 23 % cont. of the active 
agent, with extended workability retention, BASF, Trostberg, Germany. 
 
  
a) b) 
Figure 71. Resulting sieving curve for the mixtures containing a) sand and gravel, b) sand and basalt split. 
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A.2 Materials description, Chapters 6, 7 and 8 
 Cement CEM III/A 42.5 N, Schwenk Zement, production plant Bernburg, Germany; 
 Quartz sand 0/2, Zeithain, Germany; 
 Quartz sand/gravel 2/8, Boresberg, Germany;  
 Quartz gravel 8/16, Boresberg, Germany; 
 Basalt split 8/16, Oberottendorf, Germany; 
 Hard coal fly ash, Opole, Poland; 
 Steel fibres Harex 50/1.0 N, Hamm, Germany; 
 Polycarboxylate-based superplasticiser (PCE SP) Glenium Sky 688, aqueous solution, 19 % 
cont. of the active agent, with extended workability retention, BASF, Trostberg, Germany; 
 Air-entraining admixture (AEA) BASF Master Air LP 77, BASF, Trostberg, Germany. 
 
  
a) b) 
Figure 72. Resulting sieving curve for the mixtures containing a) sand and gravel, b) sand, gravel and 
basalt split. 
 
 
 
 
 
 
 
98.6
71.1
56.9
44.6
32.8
15.5
3.9
1.6
0.6
0
10
20
30
40
50
60
70
80
90
100
1684210.50.250.1250.06
P
as
si
n
g
 [
%
]
Sieve size [mm]
Curve C
Curve B
Curve A
Sand+gravel
97.6
70.6
56.8
44.6
32.7
15.5
3.9
1.60.6
0
10
20
30
40
50
60
70
80
90
100
1684210.50.250.1250.06
P
as
si
n
g
 [
%
]
Sieve size [mm]
Curve C
Curve B
Curve A
Sand+gravel+split
 
137 
Appendix B 
 
Model geometry 
In this section, the procedure about the assignment of LL and concrete bulk properties to the numer-
ical model under the consideration of the pipe geometry is presented. Figure 73a depicts the modelled 
cross-section of a circular pipe. Here O denotes a point on the centreline of the pipeline; point C is 
the centroid of an arbitrary cell and R is the radius [m] of the pipe. 
 
 
 
a)  
 
b) 
Figure 73. Representation of the generated mesh in a) cross section of circular pipe and c) reducer. 
 
The distance D [m] between the centreline and the centroid of the cell is obtained with Equation 40: 
     
2 2 2
     C O C O C OD x x y y z z  
(40) 
where xO, yO, and zO are the Cartesian coordinates of point O; xC, yC, and zC represent the Cartesian 
coordinates of point C. Now considering the LL thickness e [m], for D ≥ (R–e) the properties of the 
LL are assigned to the cell. If D < (R–e), then the cell is assigned properties of the concrete bulk. In 
x 
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case of a reducer, the pipe radius varies with respect to the z-direction. Therefore, the radius R is 
varying depending on the position of the cross-section, cf. Figure 73b. R1 [m] and R2 [m] are the larger 
and the smaller radius, respectively. L [m] is the length; z1 and z1 are the z-coordinates of the reducer 
at the beginning and the end. The radius R is obtained using simple trigonometry applying Equa-
tions 41 and 42: 
1 2 1
1
 

C
R R R R
L z z
 (41) 
 1 21 1
 
   
 
C
R R
R R z z
L
 (42) 
In a bend, the pipe radius remains almost constant and the centreline mimics the resulting curvature. 
Point B in Figure 74a represents the centre of a circle that includes the bend regarded as a semicircle26. 
 
 
 
a) b 
Figure 74. a) 2D and b) 3D representation of the bend. 
 
In order to calculate the distance D, the coordinates of point O must be determined. For this purpose, 
the tool of solid geometry is applied by defining a plane passing through the points B, C, and C1. This 
plane is denoted by (A), Figure 74b. C1 represents an arbitrarily chosen point with same y and z coor-
dinates as point C. It is assumed that with a taking any arbitrary value. The equation of the plane (A) 
is defined under the consideration of a normal vector and a point. The normal vector n

 is obtained by 
calculating the cross product of two vectors a

 and b

 Equations 43-45:
                                                 
26 For the sake of simplicity, the bend shape was approximated to that of a semicircle. The actual shape includes two 
arches from circles having distinct centre point. 
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 
    
             
        
x y z z y
y z x x z
z x y y x
n a b a b
n a b n a b a b
n a b a b
 (45) 
Correspondingly, the equation of the plane (A) takes the form of Equation 46: 
    0     c y c z cxn x x n y y n ( z z )  (46) 
The point O represents the intersection of the plane (A) and the semi-circle defined by the centre B 
and radius r. The corresponding circle is denoted by (B) and is described by Equation 47: 
 
2 2 2   B By y ( z z ) r  (47) 
The points on the centreline have the x-coordinate x = 0. Since the point O is in the plane (A), its x, y 
and z coordinates must fulfil the equation of (A). Inserting the coordinates of point O in Equation 46 
leads to 
    0     O C y O C z O Cxn x x n y y n ( z z )  (48) 
With xO = 0, Equation 48 takes the form:  
    0     C y O C z O Cxn x n y y n ( z z )  (49) 
Representing yO in terms of zO it follows, Equation 50: 
    xz zO O C C C
y y y
nn n
y z y x z
n n n
 (50) 
Considering 
1
z
y
n
b
n
 (51) 
and 
1  
x z
C C C
y y
n n
y x z a
n n
 (52) 
Equation 50 can be rewritten as: 
1 1  O Oy b z a  (53) 
Inserting Equation 50 in Equation 47 results:  
 
2 2 2
1 1     O B O Bb z a y ( z z ) r  (54) 
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and 
     
22 2 2 2
1 1 1 11 2 2 0           O B B O B Bb z z b a y z a y z r  
(55) 
with 
 22 1 1 a b  (56) 
 2 1 12 2   b Bb z b a y  (57) 
 
2 2 2
2 1   BBc a y z r  
(58) 
Equation 54 is rewritten as: 
2
2 2 2 0  O Oa z b z c  (59) 
Equation 59 has two solutions since the plane (A) intersects with the circle (B) in two points with the 
z-coordinates: 
2
2 2 2 2
2
4
2
  
O
b b a c
z
a
 (60) 
Certainly, the solution depends on the position of the bend according to the Cartesian coordinate 
system. Here, the solution 
Oz  is the one with the greater value, cf. Figure 73b: 
2
2 2 2 2
2
4
2
  
O
b b a c
z
a
 (61) 
For the case when the bend curvature is anti-clockwise, the smaller (negative) value shall be consid-
ered. After inserting 
Oz  in Equation 53 Oy  is calculated. All the other coordinates of point O are 
known. Finally, the distance D is obtained by introducing the coordinates of point O into Equation 60. 
All the above equations are implemented in the model using UDF according to the real pipeline ge-
ometry for Sliper (short pipeline), small-scale and full-scale pipeline. 
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